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1.  INTRODUCTION 


The  objective  of  this  paper  la  to  summarize  liquid  propellant  gun 
research  in  the  United  States,  and  thus  to  provide  a  guide  to  further 
study.  It  is  not  possible  to  address  all  LP  gun  research  efforts  over 
the  past  forty  years.  We  have,  therefore,  severely  United  discussion  of 
these  efforts  in  many  cases.  However,  we  have  attempted  to  prrvide  a 
comprehensive  bibliography,  which  we  hope  will  provide  access  to  the 
large  body  of  literature  related  to  this  subject. 

Liquid  propellants  have  been  the  focus  of  periodic  research  efforts 
since  just  after  the  Second  World  War.  2  While  progress  in  propel¬ 
lant2  3  and  gun4  development  have  only  recently  made  suen  weapons  appear 
practical  for  military  application,  the  pervasive  system  advantages  of  a 
fluid  propellant3*8  have  helped  to  maintain  Interest  in  LP  guns  for 
nearly  forty  years.  In  the  past,  the  potential  for  very  high  propellant 
energy  content  has  been  viewed  as  a  primary  advantage  of  liquid  propel¬ 
lants.  However,  the  results  of  recent  system  studies  point  to  the  fluid 
nature  of  the  propellant  as  the  dominant  factor  in  determining  the 
military  value  of  liquid  propellants. 

The  Interior  ballistic  process  of  conventional  guns  is  based  on  the 
rapid  generation  of  gas  by  the  combustion  of  a  solid  propellant  charge. 
The  mass  generation  rate  of  the  charge  is  controlled  through  the  linear 
burning  rate  and  total  burning  surface  area  of  the  propellant  grains, 
which  are  functions  of  propellant  formulation  and  grain  geometry  respec¬ 
tively.  While  a  fixed  initial  grain  geometry  provides  a  simple,  effec¬ 
tive  method  for  centre' '  *  >g  the  ballistic  process,  it  also  represents  a 
constraint  on  the  syst. •  . s  a  whole.  The  requirement  for  a  fixed  initial 
grain  geometry  directly  impacts  propellant  formulation  and  processing 
techniques.  The  art  of  charge  design  is  basod  on  the  packaging  of  pro¬ 
pellant  grains  to  Insure  efficient  and  reliable  ignition  and  combustion 
of  the  charge.  In  turn,  propelling  charge  design  influences  the 
packaging,  storage,  and  logistics  of  ammunition,  as  well  as  the  design  of 
guns,  autoloaders,  and  combat  vehicles. 

Ir.  contrast,  liquid  propellant  charges  are  formed  at  the  gun^li^  by 
metering  the  propsllant  into  the  gun  chamber.  The  surface  area  required 


(i)  The  BDM  Corporation,  under  contract  to  DARPA,  has  generated  a 
bibliography  on  Liquid  Propellant  Gun  Technology,  which  resides  at  the 
Chemical  Propulsion  Information  Agency,  Columbia,  HD. 

(ii)  The  exception  is  the  cased  LP  charge.  This  approach  was  inves¬ 
tigated  in  the  1950*8  as  a  means  to  field  an  LPG  system  rapidly. 

However,  individually  packaged  charges  negate  many  of  the  advantages  of 
liquid  propellants.  Recent  LP  research  efforts  have  not  considered  cased 
LP  charge*' 
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for  combustion  of  tho  propellant  harge  on  tha  tine -scale  of  tha 
ballistic  cycle  is  generated  as  the  charge  burns.  The  result  is  an 
increase  in  complexity  of  the  gun  itself,  but  significant  advantages  for 
the  system  as  a  whole.  Propellant  fonsulation  and  processing  will  be 
simpler,  less  costly,  and  less  hazardous .  Propellant  packaging  can  be 
designed  to  improve  efficiency  in  the  logistics  chain.  Autoloader  design 
will  be  simplified,  and  reduction  of  personnel  through  automation  will  be 
more  easily  achieved.  The  flexibility  permitted  in  the  vehicle  design 
will  result  in  weapon  systems  with  Increased  combat  capability,  and 
reduced  vulnerability,  both  through  increased  flexibility  in  ammunition 
stowage  and  reduced  vulnerability  of  the  propellant  Itself.  Improvements 
in  gun  performance  are  also  possible.  Thus,  liquid  propellent  guns  offer 
improvements  throughout  the  military  system.  8 

There  ere  three  basic  design  approaches  to  the  liquid  propellant 
gun;  bulk* loading,  externally  powered  injection,  and  regenerative 
injection. 

In  the  bull:  loaded  gun,  propellant  initially  fills  the  chember 
behind  the  projectile.  The  majority  of  bulk- loaded  investigations  have 
utilised  either  nonhypergollc  bipropellants  (the  fuel  and  an  oxldlter  are 
separated  until  introduced  into  the  combustion  chamber,  but  do  not  react 
upon  mixing) ,  or  monopropellants  (either  a  single  component  liquid,  or  a 
mixture  of  components  to  form  a  homogeneous  liquid) .  Both  nonhypergollc 
bipropellants  and  monopropellants  require  an  external  ignition  source  to 
initiate  combustion.  The  surface  area  required  for  propellant  combustion 
Is  then  genereted  by  the  breekup  of  the  gas -liquid  Interface  separeting 
the  bulk  of  the  liquid  end  the  combustion  products.  Although  hypergollc 
bipropellents  (the  fuel  and  oxldiser  are  separated  until  Introduced  Into 
the  combustion  chamber  where  they  react  upon  mixing)  are  not  practical 
for  bulk- loaded  LP  guns ,  some  early  small  caliber  firings  were  conducted 
with  encapsulated  materials.  1 

In  both  Injection  concepts,  the  propellant  is  pumped  from  a  reser¬ 
voir  into  the  combustion  chamber  during  the  combustion  cycle.  The 
combustion  process  in  injection  type  guns  is  similar  to  that  in  liquid 
propellant  rocket  engines.  In  both  monopropellant  and  bipropellant 
systems,  the  rete  of  gas  generation  is  controlled  primarily  by  the 
injection  process.  If  a  bipropollant  (either  hypergollc  or  nonhyper¬ 
gollc)  is  used,  the  injection  process  provides  breakup  and  mixing  of  the 
fuel  end  oxidizer.  Vaporisation  of  the  droplets  and  diffusion  of  fuel 
and  oxidizer  vapor  then  control  the  combustion  process.  If  a  monopro¬ 
pellant  is  used,  breekup  of  the  liquid  jet  in  the  combustion  chember 
provides  the  surface  area  required  to  burn  the  propellant.  The  exter¬ 
nally  powered  gun  requires  a  source  of  high  pressure  external  to  the 
combustion  chamber  to  Inject  the  propellant.  The  regenerative  injection 
system  utilizes  the  combustion  chamber  pressure,  which  is  amplified  end 
applied  to  the  propellant  In  a  reservoir  by  e  differential  area  piston  to 
inject  the  propellant  into  the  coabustlon  chamber  against  the  high  gun 
pressure.  The  externally  powered  injection  system  has  not  played  a 
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major  rola  In  LPG  raaaarch,  sine*  the  inj action  energy  raqulramanta  ara 
"axcaaslva  for  ultimata  aarvlca  use*. 

A  summary  of  aarly  liquid  propallant  gun  raaaarch  In  tha  United 
States,  through  1970,  has  bean  provided  by  Haukland.  This  summary 
provides  an  excellent  overview  of  aarly  LPG  research,  and  contains  a 
comprehensive  bibliography  from  this  period. 


The  initial  post  war  studies  were  conducted  between  1946  and  1950  In 
0.50  caliber .using  a  hydrazine -hydrogen  peroxide,  hypergollc  blpro- 
pellant,  *13  The  three  bade  LPG  approaches  were  Investigated. 
Velocities  up  to  7000  ft/s  were  achieved  with  the  externally  powered 
injection  device,  3  but,  as  noted  previously,  the  requirement  for 
external  power  makes  this  device  impractical  for  military  application. 
Bulk* loaded  testa  were  conducted  with  encapsulated  propellants.  The 
hypergollc  mixture  was  initially  separated  by  encapsulating  one  compo¬ 
nent.  The  system  was  ignited  by  a  squib  which  ruptured  the  capulse, 
mixing  the  hypergollc  components.  Velocities  of  about  11,300  ft/s  were 
reported. 1  However,  excessive  variation  in  muzzle  velocity  and  chamber 
pressure  were  also  noted.  The  regenerative  injection  study" ‘  16  was 
completed  successfully,  and  an  effort  to  develop  a  37 -mm  RLPG  test 
fixture  was  Initiated.  5  Another  Important  accomplishment  of  this 


period  was  the  introduction  of  monopropellants  (a  mixture  of  hydrazine, 
hydrazine  nitrate,  and  water)  for  use  in  liquid  propellant  guns.  ' 


In  the  period  from  1950  to  1957,  numerous  investigations  of  both 
liquid  propellants  and  gun  concepts  were  undertaken.  With  the  intro- 

bulk-  loaded  research  efforts  rapidly 
•mm  tank  guns  were  eventually  tested  in  two 
separate  programs  with  hydrazine  monopropellants.  Muzzle  velocities  near 
5,000  ft/s  were  achieved  at  a  charge -to -mass  ratio  of  1.06,  and  gun 
firings  were  successfully  conducted  at  -62°F.  However,  ballistic 
variability  in  bulk- loaded  firings  exceeded  that  of  conventional  guns. 
Although  some  investigations  of  regenerative  injection  guns  using  a 
monopropellant  were  made,  the  main  research  interest  was  hypergollc 
bipropellants,  due  to  the  very  high  energy  content  of  such  systems.  * 26 
A  127 -mm  regenerative  injection  gun  ves  built  and  tested.2*'26  The 
device  was  designed  to  operate  with  twelve  radial  injection  pistons 
housed  in  three  separate  Injection  blocks  of  four  pistons  each,  but  the 
complexity  of  this  device  and  the  nature  of  the  propellant  severely 
limited  testing.  Following  the  end  of  the  Korean  Conflict,  Interest  in 
LPG  research  began  to  diminish,  and  by  1957,  with  the  increasing  emphasis 
on  rockets  and  missiles,  both  tactical  and  strategic,  nearly  all  research 
had  stopped. 


ductlon  of  monopropellants, 
increased.1**22  Several  90 


LPG  research  continued  through  the  I960's  at  a  relatively  low  level, 
and  only  in  bulk- loaded  configurations.  At  the  BRL,  monopropellants, 
primarily  hydrazine -hydrazine  nitrate-water  mixtures,  were  fired  in  37-mm 
and  120-mm  guns.2'*30  The  37-mm  tests  were  conducted  over  a  wide  range 
of  ballistic  parameters,  but  the  primary  interest  was  the  high  velocity 
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reglae.  Nuxsle  velocities  of  about  7200  ft/a  war*  achieved  at  a  charge* 
to -mass  ratio  of  approxlaately  3.5  in  tha  120 -aa  fixtura  uaing  tha  hydra* 
sine  nonopropellant.  However,  balliatie  variability,  in  both  37m  and 
120m,  waa  high.  Additional  afforta  at  Frankford  Araenal  focuaad  on. tha 
alactrieal  Ignition  and  cook-off  of  a  variaty  of  liquid  propellants.3 1 

By  tha  lata  1960a,  tha  Viatnaa  War  axparianea  had  daaonatratad  tha 
continuad  naad  for  gun  ayataaa  in  all  applications;  air* to* air,  air 
da fans a,  fira  aupport,  ate.  Tha  Naval  Vaapona  Cantor,  China  Lake,  began 
developnent  of  a  rapid  fira,  bulk* loaded  mdlun  oalibar  cannon  for 
aircraft  application.32  33  A  nonhypergolic  blpropallant,  rad  f uaing 
nitric  acid  and  a  hydrocarbon  fuel,  waa  uaed  in  this  effort.  In 
parallel,  tha  Naval  Ordnance  Station,  Indian  Head,  began  davalopmnt  of  a 
new  claaa  of  liquid  nonopropellants  baaed  on  hydroxyl  aaaonluai  nitrate. 
That#  afforta  formd  tha  baaia  for  a  sharp  reaurgence  of  LPG  activity  in 
tha  1970a. 

LPG  raaaarch  a Inca  1970  can  be  aaparatad  into  two  diatlnct  parioda; 
tha  period  prior  to  1976  in  which  bulk* loading  waa  tha  prinary  focua  of 
davalopmnt  afforta.  and  tha  period  alnca  1976,  in  which  tha  focua  haa 
shifted  alsoat  exclusively  to  raganaratlva  injection. 

In  tha  1970*76  period,  efforts  to  develop  a  rapid  fire  25 *m  bulk* 
loaded  gun  using  a  nonhypergolic  blpropallant  continued,32  33  and 
davalopmnt  of  both  mdiuai  and  large  caliber,  bulk* loaded  guns2  using  a 
aonopropallant  was  initiated.  Twenty- five  round  bursts  ware  fired  at  a 
rata  of  350  rounds  par  alnute  using  tha  25-m  nonhypergolic  bipropellant 
gun.  While  tha  ballistic  control  required  for  safe,  high  rata  fira  was 
achieved,  ballistic  variability  was  still  large  coopered  to  conventional 
guns. 

The  BRL  continued  ballistic  investigations  in  37 -am  guns,  using  the 
new  hydroxyl  amaonluoi  nitrate  (HAN)  nonopropellants3  developed  by  the 
Naval  Ordnance  Station,  Indian  Head.  This  work  vas  done  in  aupport  of 
the  developmnt  of  large  caliber  cannons  for  Naval  application.  However, 
no  large  caliber  firings  were  ever  conducted  in  conjunction  with  thla 
progran,  due  to  problem  in  controlling  very  high  dumber  pressures,  and 
unacceptable  ballistic  variability  in  37 -m  test  data. 

A  separate  effort  was  initiated  by  the  Advanced  Research  Projects 
Agency  (ARPA,  now  DARPA) ,  to  develop  a  high  velocity  75*m  LPG  cannon  for 
application  in  light  armored  vehicles.  The  technical  results  of  all 
three  efforts  reaain  classified.  However,  in  1976,  two  successive 
firings  in  the  DARPA  75 -m  progran  resulted  in  catastrophic  failures. 

The  causes  of  these  failures  were  never  fully  dete rained.  In  one  case, 
the  failure  appears  to  have  been  linked  to  an  error  in  the  fill 
procedure.  In  the  other,  the  propellant,  which  had  been  changed  for  the 
second  firing,  was  implicated.  In  any  case,  these  failures  quickly  lead 
to  tha  temporary  termination  of  nearly  all  Government  supported  LPG 
research. 


4 


The  first  investigations  of  regenerative  monopropellant  systems 
sines  ths  1950s  wars  initiated by  Graham  and  Bulman  in  1974,  in  0.30 
cslibsr  and  25- an  fixtures. *  *  This  work  load  to  renewed  Government 
involvement  by  1978.  Bulman  has  subsequently  developed  end  tested  e 
rapid  fire  30 -an  RLPG.  In  a  separata,  Government  supported  effort,  e 
103 -am  RLPG  has  also  been  successfully  tested,  achieving  a  auxrle 
velocity  of  810  m/a  at  a  charge* to* mas a  ratio  of  0.28.  *  The  significant 
accomplishments  in  these  efforts  have  been  the  high  degree  of  ballistic 
control  end  the  excellent  reproducibility  in  pressure  and  muzzle 
velocity.  An  effort,  based  on  these  results,  is  now  underway  to  develop 
and  test  a  155 -an  RLPG  (howitzer)  monopropellant  system. 


II.  BULK  LOADED  LIQUID  PROPELLANT  GUNS 


1 .  GENERAL 

In  the  bulk  loaded  system  the  propel Ian"  Initially  fills  the  chamber 
behind  the  projectile.  Therefore,  high  loading  densities  can  be 
achieved,  usually  between  1  g/cnr  and  about  1.45  g/csr  depending  on  the 
density  of  the  LP  and  the  amount  of  ullage.  Ignition  sources  for  most 
experimental  studies  have  been  either  pyrotechnic  or  submerged  electrical 
spark. 

This  review  of  the  BLPG  will  concentrate  on  the  monopropellant  case 
due  to  the  availability  of  unclassified  literature.  Although  the  mixing 
cf  immiscible  fuel  and  oxidizer  components  of  a  bipropellant  produces  a 
quasi-stable  suspension  in  the  gun  chamber,  the  basic  hydrodynamic 
mechanisms  controlling  the  ballistic  process  are  the  same  for  both 
monopropellant  and  bipropellant. 


III.  INTERIOR  BALLISTICS  OF  THE  BLPG 

While  the  BLPG  is  mechanically  the  simplest  implementation  of  the 
liquid  propellant  gun,  the  interior  ballistic  process  is  more  complex, 
and  ultimately  the  most  difficult  to  control.  Many  studies  have  shown 
that  the  energy  and  geometry  of  the  Igniter  influence  the  shape  of  the 
chamber  pressure-time  curve.  Although  many  exceptions  have  been  noted, 
the  most  common  chamber  pressure -time  trace  is  double  peaked,  the 
magnitude  of  the  first  peak  being  influenced  by  the  igniter  output. 
Factors  controlling  the  second  peak  pressure,  besides  the  igniter,  are 
the  complex  velocity  and  acceleration  dependent  charge  break-up 
mechanisms  inherent  in  the  bulk- loaded  process. 

If  the  charge  is  ignited  at  the  projectile  base,  the  mathematical 
description  of  the  interior  ballistic  process  is  simplified  somewhat, 
since  combustion  takes  place  in  a  more  or  less  cigarette  fashion. 

However,  ballistic  efficiency  is  low  due  to  the  low  mass  consumption  rate 
in  this  configuration.  It  has  been  shown  experimentally20  that  breech 
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ignition  results  in  increased  ballistic  efficiency  in  the  BLPG  apparently 
due  to  the  large  propellant  surface  area  generated  hydrodynamically . 
which  enhances  the  propellant  consumption  rate.  In  the  following 
description  of  the  BLPG  interior  ballistic  process  in  this  section,  only 
breech  ignition  is  considered. 

Ullage  is  another  factor  which  can  comp'1  icate  the  BLPG  process.  If 
the  ullage  is  localized,  the  system  is  asymmetric  and  nonhomogeneous , 
making  mathematical  description  more  difficult.  This  is  also  a  highly 
undesirable  configuration  due  to  the  potential  for  secondary  ignition, 
from  the  adiabatic  compression  of  the  ullage,  leading  to  large  pressure 
excursions.  These  problems  are  circumvented  if  the  ullage  is  assumed  to 
be  uniformly  distributed  throughout  the  system  and  the  bubbles  are  very 
small.  In  this  case,  the  mathematical  formulation  reduces  to  the  zero 
ullage  case,  however,  the  physical  characteristics  of  the  liquid  become  a 
function  of  the  amount  and  distribution  of  the  ullage.  Only  the  zero 
ullage  configuration  is  treated  here,  for  simplicity. 

Comer  et  al  developed  the  first  phenomenological  interior 

ballistic  model  of  the  bulk  loaded  gun  based  on  detailed  experimental 
data.  In  the  analysis  of  gun  firing  data,  it  was  noted  that  calculated 
projectile  acceleration,  based  on  chamber  pressure  measurements,  and 
projectile  acceleration  obtaiued  from  interferometer  data,  varied  by  as 
much  as  50%.  This  discrepancy  was  attributed  to  a  portion  of  the  LP 
charge  moving  with  the  projectile. 

Information  on  the  motion  of  the  LP  charge  was  obtained,  '  using  a 
radioactive  tracer  method.  A  Cobalt -60  source  was  encapsulated  in 
polyethylene,  approximating  the  density  of  the  LP.  It  was  assumed  that 
the  motion  of  the  Cobalt -60  would  closely  follow  that  of  the  LP.  A  plot 
summarizing  the  test  results  is  presented  in  Figure  1.  When  the  source 
is  initially  located  forward  in  the  chamber,  the  source  moves  with  the 
projectile.  Uhen  the  source  is  initially  located  near  the  center  of  the 
chamber,  the  source  lags  behind  the  projectile,  and  when  the  source  is 
initially  located  at  the  rear  of  the  chamber,  the  source  moves  relatively 
little.  These  results  indicated  that,  in  fact,  a  portion  of  the  charge 
moves  with  the  projectile. 
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The  radioactive  tracer  data  were  also  used  to  estimate  the  amount  of 
charge  traveling  with  the  projectile  by  comparing  the  source  displacement 
with  that  of  the  LP  initially  located  forward  of  the  source.  It  was 
assumed  that  the  "LP  slug"  forward  of  the  source  moved  with  the 
projectile.  Representative  data  are  presented  in  Figures  2  and  3.  The 
dotted  line  is  the  trajectory  of  the  projectile  while  the  solid  line  is 


th«  source  trajectory.  Figure  2,  with  the  source  initially  at  the 
forward  end  of  the  chamber,  shows  that  the  source  moved  with  the  " LP 
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Figure  2. 


slug"  for  about  380  mm  (15  in.).  Figure  3,  with  the  source  initially 
near  the  center  of  the  chamber,  shows  thi^t  the  source  lagged  well  behind 
the  "LP  slug".  Hence,  only  that  portion  of  the  LP  charge  initially 
located  in  the  ferward  section  of  the  chamber  moves  with  the  projectile 
for  any  significant  distance. 
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Figure  3 .  Projectile  Base  and  Radioactive  Source  Trajectories: 

Source  Initially  Located  Near  the  Center  of  Cfrfli'per 


In  developing  a  description  of  the  BLPG  interior  ballistic  process, 
it  was  necessary  to  pose  a  model  which  was  consistent  both  with  the 
physical  situation,  and  with  the  experimental  data.  The  model  proposed 
by  Comer  et  al^'  is  summarized  in  Figure  4.  The  ignition  process  is 
essentially  a  small  explosion  in  the  liquid,  as  treated  by  Cole,  which 
creates  a  bubble,  or  cavity,  of  hot  combustion  products  near  the  breech. 

A  complex  pattern  of  pressure  waves  develops  in  the  liquid  column  as  a 
result  of  multiple  reflections  of  the  initial  pressure  pulse  generated  by 
the  ignition  event.  These  pressure  waves  tend  to  cause  the  liquid-gas 
interface  at  the  cavity  to  spall,  increasing  the  rate  of  mixing  of 
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propellant  with  the  hot  combustion  products.  Analyses  of  experimental 
date  indicate  that  the  first  peak  in  chamber  pressure  occurs  prior  to 
significant  projectile  travel.  Therefore,  combu&tior  of  only  a  small 
protion  (<5%)  of  the  propellant  charge  is  required  to  produce  the 
observed  chamber  pressure.  After  shot  start,  the  high  pressure  gases  in 
the  cavity  at  the  breech  accelerate  both  the  projectile  and  the  "liquid 
slug"  between  the  projectile  and  the  cavity.  This  situation  is 
physically  equivalent  to  that  posed  by  Taylor  in  his  analysis  of  the 
instability  of  accelerated  liquid  surfaces.  8  39  The  growth  of  the 
instability  at  the  gas -liquid  interface  leads  to  the  development  of  a 
"Taylor"  cavity  which  penetrates  the  liquid  column,  eventually  overtaking 
the  projectile. 
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A  similar  hypothesis,  suggesting  the  formation  of  a  gas  core  during 
the  early  combustion  process  had  been  developed  previously  by  Giedt  and 
Rail4®  at  Detroit  Controls.  Their  conclusions  were  based  on  the 
interpretation  of  data  from  thermocouples  located  in  the  chamber  and  a 
few  inches  down  tube  of  the  forcing  cone  of  a  40-mm  fixture. 

The  experimental  studies  of  Lewis**2  show  that  the  velocity  at  which 
the  cavity  tip  penetrates  the  liquid  column  is  proportional  to  the  square 
root  of  the  product  of  the  acceleration  of  the  liquid  surface  and  the 
cavity  radius.  Comer  et  al  proposed  a  modified  relation  based  on  the 
linear  analysis  of  the  Taylor  instability, 
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where  vc  is  the  cavity  tip  velocity,  rc  the  cavity  radius,  a  the 
acceleration,  andp1  and  Pg  the  liquid  and  gas  densities  respectively. 

is  a  constant  depending  on  liquid  properties  and  chamber  geometry, 
which  is  determined  from  experimental  data.  After  the  cavity  reaches  the 
projectile  base,  an  annulus  of  liquid  will  remain  on  the  chamber  walls. 
Combustion  gases  flowing  at  high  velocity  through  this  annulus  will 
result  in  turbulent  mixing  of  the  liquid  and  gas  at  the  inner  surface  of 
the  liquid  annulus,  the  Kelvin-Helmholtz  instability.  2  The  rate  at 
which  the  liquid  surface  is  eroded  has  been  shown  to  be  proportional  to 
the  velocity  difference  across  the  interface.  3 
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The  constant  C2  was  also  determined  from  experimental  data,  and  was 
found  to  be  in  reasonable  agreement  with  theoretical  estimates.  This 
Helmholtz  mixing  mechanism  produces  the  large  burning  surface  area 
required  to  bum  the  bulk  LF  charge  during  the  interior  ballistic  cycle. 
This  description  is  highly  idealized,  and  at  the  very  least  some 
superpositioning  of  the  component  processes  is  to  be  expected. 

27 

Comer  et  al  also  estimated  the  fraction  of  the  charge  burnt, $ ,  as 
a  function  of  time  during  the  ballistic  cycle.  They  greatly  simplified 
the  analysis  by  assuming  that  the  charge  moves  with  the  projectile  until 
burnout,  that  the  kinetic  energy  of  the  gas  and  therefore  the  pressure 
gradient  in  the  gas  can  be  neglected,  and  that  the  total  energy  loss  at 
any  point  is  equal  to  10%  of  the  projectile  kinetic  energy.  They  assumed 
a  Nobel-Abel  equation  of  state  for  the  gas  and  the  energy  equation  for 
the  system.  Eliminating  the  gas  temperature,  they  obtained, 
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(3) 


The  values  of  ♦  were  calculated  using  experimental  data  for  pressure, 
displacement  and  velocity,  beginning  at  the  muzzle  and  working  backward 
in  time.  At  some  point,  $  begins  to  decrease  sharply,  indicating 
propellant  burnout.  Estimates  of  fraction  of  charge  burnt  and  fractional 
burning  rate  averaged  over  10  test  firings  are  presented  in  Figure  5.  ' 
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Figure  5.  Estimated  Fractional  Burning  Rates  Based 

on  Data  from  10  Firings. 
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The  subscripts  1,2,  and  min  refer  to  the  time  of  first  peak  pressure, 
second  peak  pressure,  and  the  intermediate  minimum.  The  time  at  which 
the  Taylor  cavity  reached  the  projectile  base  was  also  estimated  using 
equation  (1).  It  was  found  that  the  cavity  penetrated  the  liquid  >lumn 
near  tm^n,  and  correlated  well  with  the  rapid  increase  in  fractional 
burning  rate  of  the  propellant.  Comer  «t  al*'  argued  that  the  liquid 
column  would  be  expected  to  undergo  some  breakup  as  the  cavity  reached 
the  projectile  base,  which  would  account  for  a  sharp  rise  in  combustion 
rate.  They  also  noted  that  the  increase  in  fractional  burning  rate  after 
cavity  penetration  support  the  Helmholtz  mixing  hypoth-'  is.  Equation  (2) 
was  utilized  to  estimate  the  amount  of  propellant  "mixed"  after  cavity 
penetration.  A  composite  plot  of  the  various  measured  ami  estimated 
quantities  addressed  in  this  model  is  presented  in  Figure  6.  The  amount 
of  propellant  mixed,  calculated  from  the  Helmholtz  relation,  equation 

(2) ,  and  the  amount  burnt,  calculated  from  the  energy  equation,  equation 

(3) ,  correlate  well. 

Additional  experimental  studies,  conducted  at  much  higher  pressures 
than  those  of  Lewis,  have  also  shown  the  propagation  of  an  accelerating 
gas  ippo  a  denser  liquid  column.  The  air-water  investigations  of  Howland 
et  al4  were  limited  to  gas  pressures  of  14  MPa,  and  accelerations  of 
200  to  1100  g's.  High  speed  pnotographs  show  the  formation  of  a  gas 
cavity  which  penetrated  the  water  column  as  the  gas -liquid-piston 
accelerated  down  a  transparent  tube.  A  comparison  of  the  velocity  of  the 
gas  cavity  with  a  numerical  simulation45  indicated  that  the  experimental 
cavity  velocity  was  higher  than  the  predicted  velocity  by  about  a  factor 
of  two.  The  authors  speculated  that  the  discrepancy  was  due  to 
acceleration  affects  not  included  in  the  mbdel,  or  to  the  growth  of 
secondary  instabilities  superimposed  on  thq  primary  cavity.  Additional 
studies  on  the  formation  of  a  gas  cavity  ui|tder  high  pressure  conditions 
were  conducted  by  Irish4  who  used  an  X-raV  system  and  a  37 -mm  fiber 
glass  fixture.  Photographs  of  well  define^  gas  cavities  were  obtained, 
however  problems  with  variations  in  igniter  output  and  difficulties  with 
propellant  combustion  limited  progress  on  jthe  project. 

i 

Subsequent  interior  ballistic  models  of  the  BLPG47'5*  have  been 
based  to  some  degree  on  the  phenomenological  model  of  Comer  et  al.  These 
models  vary  1°  complexity  from  the  simple,  zero  dimensional  model  of 
Burnett4  to  the  two- dimens i oral  solutions  of  the  Navier-Stokes  equations 
of  Butler  and  O'Rourke50  and  Phillips  et  al.  However,  none  of  the 
models  have  been  utilized  to  any  significant  degree  in  the  analysis  of 
experimental  data. 
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IV.  PHENOMENOLOGICAL  STUDIES 


1.  IGNITION  LOCATION  AND  GEOMETRY 

The  ignition  system  of  tho  BLFG,  more  ao  than  in  a  aolld  propallant 
gun,  la  key  to  aafa  ballistic  operation.  The  coupling  (temporal  and 
spatial)  of  igniter  energy  to  the  LP  controls  the  subsequent  evolution  of 
the  ballistic,  process;  indeed,  most  gun  overpressures  have  been 
attributed  to  improper  ignition.  Guidelines  for  development  of  BLPG 
igniters  are  largely  empirical.  Analytical  guidelines  are  limited  to  the 
one 'dimensional  pressure  wave  models  of  Comer  and  McBr&tney ,  and 
Erickson52  which  address  the  response  of  the  combined  gas-liquid  system 
to  the  early  pressure  rise  from  the  igniter. 

Regan  and  Shambelar55  used  a  hydrazine -based  aonopropellant^*-)  and 
a  15.2-ma  gun  in  a  parametric  study  of  pyrotechnic  ignition.  The 
parameters  examined  Included  the  configuration  of  the  Igniter  tube, 
location  of  the  vent  in  the  igniter  tube,  the  number  of  vents,  and  the 
total  vent  area.  General  conclusions  from  their  work  include:  (1)  An 
increase  in  the  number  of  ignition  sites  (based  on  the  number  of  Igniter 
hole  vents)  results  in  an  increase  in  the  minimum  pressure  between  the 
first  and  second  peaks;  (2)  The  first  peak  pressure  decreases  as  the  vent 
of  an  axial  igniter  is  moved  forward  in  the  charge,  but  increases  as  the 
vents  of  a  radial  igniter  are  moved  forward  in  the  charge  (a  similar 
finding  was  reported  earlier  by  Griffin5*  in  tests  with  anhydrous 
hydrazine  in  a  7. 62 -am  fixture);  (3)  The  chamber  prossure  increases  with 
increasing  igniter  vent  area. 

Extensive  Ignition  and  gun  development  work  was  conducted  by  Detroit 
Controls.  8  A  pyrotechnic  igniter  mounted  in  the  bore  of  the  projectile 
was  tested  in  a  30-mm  fixture  with  a  hydrazine -based  monopropellant. '(iii) iv (v)' 
This  approach  offers  advantages  for  mechanical  simplification  during 
loading.  Satisfactory  performance  in  a  five  round  group  with  a 
propellant  charge  to  mass  ratio  (C/ll)  of  0.31  was  reported.  The  mean 
chamber  pressure  and  muzzle  velocity  were,  respectively,  269  MPa  with  a 
maximum  deviation  of  28  MPa,  and  968  m/s  with  a  maximum  deviation  of  9.1 
a/r . 


Comer  at  al,22  using  a  nydrazine -based  monopropellant ^  in  a  37-mm 
BLPG  found,  as  ir  tho  ecrliei  studies,  that  the  shape  of  the  chamber 
pressure- time  trice  is  influenced  by  the  igniter  output  characteristics. 


(iii)  67.5%  hydrazine,  21.5%  hydrazine  nitrate,  11.0%  water, 

(iv)  63%  hydrazine,  32%  hydiazino  nitrate,  5%  water. 

(v)  65%  hydrazine,  30%  hydrazine  nitrate,  5%  water. 
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For  example,  if  tho  ignitor  output  io  too  vigorous,  or  too  widely 
distributed  in  tho  chorgo ,  tho  first  peek  pressure  becomes  excessive. 
Xnapton  end  Stobie  using  e  HAN -based  LP  in  both  e  38 . 8esi  end  s  37m.  slso 
included  thet  the  igniter  output  cherecteristlcs  hove  e  direct  influence 
on  the  magnitude  of  the  first  chamber  peek  pressure.  Elmore35  36  using 
various  HAN ‘based  LPs  in  smell  caliber  fixtures,  also  found  that  the 
output  charaterlstlcs  of  a  pyrotechnic  Igniter  can  be  used  to  modify  the 
ehape  of  the  chamber  pressure -time  records. 


Messina  at  al57  have  emphasized  the  importance  of  controlling  the 
rate  of  pressure  rise  in  the  bulk  liquid.  A  special  vented  chamber  was 
developed,  along  with  a  rapid  fill  system,  to  study  the  compression 
sensitivity  of  both  statically  and  dynamically  loaded  liquid  monopro¬ 
pellants,  either  neat  or  containing  a  measured  volume  of  gas,  to  various 
pressure  loading  rates.  It  was  shown  that  for  sufficiently  high  pressure 
rise  rates  the  propellent  can  be  Ignited.  The  initiation  mechanism  is 
assumed  to  be  the  adiabatic  compression  of  ullage  in  the  bulk 
liquid.38  39  These  data  would  tend  to  support  arguments  attributing  some 
gun  overpressures  to  the  generation  of  secondary  ignition  sites  by 
compression  Ignition  of  ullage  bubbles  distributed  throughout  the  bulk  of 
the  LP  charge. 


2 .  IGNITION  ENERGY 


The  energy  required  to  initiate  sustained  combustion  of  a  bulk 
loaded  charge  is  strongly  system  dependent,  l.e.  the  total  amount  of 
igniter  energy  required  for  sustained  combustion  depends  not  only  on  the 
LP  but  also  on  various  system  factors,  such  as  Igniter  output  character¬ 
istics  and  projectile  shot  start  pressure. 


In  a  comprehensive  study  on  the  electrical  ignition  of  hydrazine 
propellants,  Evans,  Given  and  Doran80  postulated  that  the  energy 
transferred  to  the  propellant  by  ohmic  heating  during  the  formative  phase 
prior  to  breakdown  say  be  more  efficient  for  ignition  than  a  similar 
quantity  of  energy  delivered  after  breakdown,  during  the  soark  or  arc 
phases.  In  a  review  of  earlier  work,  Kirshner  and  Stiefel31  concluded 
that  the  electrical  conductivity  of  the  liquid  propellant  has  a 
significant  effect  on  the  electrical  Ignition  requirements  of  the 
propellant.  For  example,  an  ignition  energy  of  about  200  J  was  required 
for  a  90 -min  gun  using  mixtures  of  ethyl  and  n-propyl  nitrate.  In 
comparison,  only  32  J  was  required  for  a  30-mm  gun  using  a  hydrazine 
monopropellant  which  had  an  electrical  conductivity  about  six  orders  of 
magnitude  higher  than  the  ethyl  and  n-propyl  nitrate  propellant. 

Kirshner  and  Stiefel  also  performed  open  cup  electrical  igniter  studies 
on  alkyl  nitrate  and  hydrazine  type  sKmopropellants .  They  concluded  that 
the  electrical  energy  could  be  transferred  to  the  hydrazine  propellants 
solely  by  formative  phaso  heating,  a  finding  similar  to  the  earlier 
observations  of  Evans,  Given,  and  Doran.60  Formative  phase  energy 
transfer  is  desirable,  since  the  energy  can  be  transferred  at  lower 
volts -es  and  with  less  pitting  and  wear  of  the  electrodes.  Kirshner  and 
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Stiefel^  also  concluded,  basso  on  tests  using  various  additives  to 
incraaaa  tho  conductivity  of  tha  alkyl  nitrate  propellants,  trail  as 
results  of  the  hydrasina  propellants  studies,  that  a  propellant  with  a 
high  conductivity  enhances  formative  phase  energy  transfer.  They  also 
concluded  that  in'  r easing  the  rate  of  energy  transfer  (power  transfer) 
increases  the  prcoabllity  of  igniting  a  liquid  monopropellant  with 
formative  phase.  Weinberg61  has  made  a  similar  observation  after  a 
review  >f  data  on  the  electrical  ignition  of  the  hydroxyl  ammonium 
nitrate  typo  of  propellants.  Weinberg  further  postulated  that:  the  power 
density  should  be  an  Important  ignition  criteria. 

A  hydrasina -bated  wonopropellant  has  been  successfully  ignited  in  a 
37 -mm  BLPG  with  27  Jottlen  of  electrical  energy  delivered  across  a  spark 
gap.  2  In  a  similar  37 -am  gun,  the  hydras ino- baaed  LP  was  ignited  using 
either  an  M38B2  or  T9E6  igniter  (which  is  similar  to  an  N52A3B1)  plus  a 
solid  propellant  booster  charge  of  about  3.9  to  4.5  g  of  Klmlte  (40% 
nitrocellulose,  27. S%  potassium  nitrate,  16.7%  magnesium,  9.B%  sulfur, 
and  5.9%  resorcinol,  with  an  Impetus  of  511  J/g)  for  a  loading  density  of 
0.216  g/c?.»  .  The  energy  content  of  this  ignition  system  was  about  10.5 
to  12.0  kJ. 

HAN -based  LPs  have  been  ignited  in  gun  fixtures  by  various  methods 
including  hot  wire,  spark,  pyrotechnic  and  laser.  Investigations 
involving  these  various  ignition  sources  have  been  reviewed  by 
Klingenberg,  Knap ton,  and  Morrison.  3  For  NOS  365,  electric  spark 
energies  are  typically  about  20  Joules  in  a  30-mm  fixture. 6  Lower 
energies  have  produced  inconsistent  results.  In  one  teat,  12.6  Joules 
produced  reasonable  Ignition,  whereas  15.9  Joules  resulted  in  an  under- 
ignition  in  a  separate  teat.  Pyrotechnic  igniters  have  been  used 
successfully  with  the  HAN-based  LPs  in  37 -am  guns. 5  These  igniters 
consisted  of  a  T9K6  or  H52A3B1  igniter  and  a  solid  propellant  booster 
charge  of  0.08  to  0.4  g  of  Unique  Powder,  giving  an  ignition  energy  of 
about  1.3  co  3.0  kJ .  Hot  wire  ignition  tests  performed  by  Knapton  et 
al,  in  a  25-am  blow-out  gun  and  by  Klingenberg  et  al67  in  a  closed 
chamber  have  demonstrated  that  a  HAN-based  LP  can  be  ignited  wiJi  a 
fraction  of  a  Joule.  However,  the  initial  gas  generation  rate  is  too 
slow  for  a  practical  ignition  system. 

3.  PRESSURIZATION  RATE 

Tbe  early  pressurization  rate  is  an  Important  parameter  in  a 
BLPG,  57  which  can  affect  the  gas  generation  rate  during  the  ignition 
and  combustion  cycle.  Figures  7  and  8  show  the  pressure- tism  curves  for 
two  separate  series  of  37 -mm  BLPG  firings  in  which  different  pyrotechnic 
materials  were  used  in  the  ignition  systems.  A  piston  radial  primer  was 
used  in  both  series  of  tests,  however,  in  one  series  a  rapid  burning 
pyrotechnic  mixture  was  used  (Figure  7)  while  a  slower  burning  mixture 
was  used  in  the  other  (Figure  8).  In  other  respects,  the  test 
configurations  were  nearly  the  same.  The  resulting  pressure -time  curves 
are  distinctly  different  in  character. 
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PtOJfCTIlC  MASS:  SISq  216*31  537  1531  H44 


Figure  7 .  BLPC  Firing  Uelne  a  Reald  Bmmlm  Pyrotechnic  Prleer 


6UN*  37  mm 

IGNITER:  PISTON  RADIAL  WITH  M30  AND  EIMITE 


PROPELLANT:  NOS  36S 
CHARGE:  353 g 
EXPANSION  RATIO:  18.6 
NUMBER  OF  FIRINGS:  13 


Pi*  376  MPa  (cr’8.5%) 
£5*  484  MPa  (<r  •  19%) 
•V2«  1634  m/s  (<r*2.4%) 


Figure  8. 
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The  faster  acting  igniter  result*  in  a  25-30%  higher  first  peak 
pressure  in  about  the  sane  elapsed  tine  as  the  slower  igniter.  This 
iaplies  a  higher  pressure  rise  rate  in  the  gun  chaaber  for  the  more 
vigorous  igniter.  As  discussed  earlier,  the  results  of  Coaer  et  al* 
indicate  that  only  a  snail  portion  (about  5%)  of  the  total  propellant 
charge  is  consumed  In  the  rise  to  first  peak  pressure.  Therefore,  a  acre 
vigorous  ignition  systea,  interacting  with  a  larger  volume  of  the  LP 
charge,  would  be  expected  to  produce  a  higher  pressure  rise  rate  and  a 
higher  first  peak  pressure,  consistent  with  the  data  in  Figures  7  and  8. 

The  aore  vigorous  Igniter  consistently  produced  a  pressure- tine 
trace  with  a  single  peak,  Figure  7,  whereas  the  less  vigorous  igniter 
produced  a  double  peaked  curve  with  the  two  peaks  nearly  equal.  Current 
interior  ballistic  theories  are  not  capable  of  explaining  this  result  in 
detail. 

4.  CHARGE  CONFIGURATION 

Regan  and  Shaabelan*^  investigated  the  effect  of  chaaber  geoaetry  on 
BLPG  ballistics,  by  varying  the  breech  configuration.  It  was  found  that 
the  first  peak  chaaber  pressure  is  reduced  when  the  shape  of  the  breech 
is  such  that  the  volume  of  LP  in  the  vicinity  of  the  igniter  is  reduced. 
McBratney,  Knap ton,  and  Stobie  using  HAN -based  LPs  in  37 -an  and  38.8-mm 
guns  found  that  the  aaxiaua  chaaber  pressures  could  be  reduced  by  using 
conically  shaped  inserts  mounted  in  the  breech,  around  the  pyrotechnic 
igniter.  These  results  again  point  co  the  sensitivity  of  the  BLPG  to  the 
amount  of  propellant  interacting  with  the  igniter. 

Most  Investigators  have  attempted  to  ainiaize  the  amount  of  ullage 
in  the  bulk  propellant  charge,  to  reduce  the  possibility  of  secondary 
ignition  due  to  adiabatic  compression  of  bubbles.  Some  investigators, 
however,  found  for  the  hydrazine -based  LPs  that  a  saall  amount  of  ullage, 
a  few  percent  of  the  total  charge,  can  be  used  to  dampen  pressure  waves 
generated  during  the  ignition  event.  Poudrier6”  has  cosaented  that  sons 
of  the  early  US  Navy  tests  intentionally  involved  a  saall  amount  of 
ullage  for  this  purpose.  Elmore69  also  studied  th>  effects  of  ullage  on 
ballistic  performance.  He  used  a  spark  igniter  in  a  30-sn  gun  with  a 
dynamically  loaded  hydrazine -based  LP.  The  ullage  was  varied  froa  2.2% 
to  4.0%  without  adverse  effects  on  the  ballistic  performance. 

5.  PROJECTILE  MASS 

The  effect  of  projectile  mass  on  the  BLPG  process  has  been 
investigated  by  Knapton  and  Stobie  using  a  HAN -based  monopropellant  in  a 
37-nun  fixture.  Results  from  this  investigation  are  presented  in  Figures 
8-10.  The  ignition  system,  charge  configuration,  and  expansion  ratio 
were  kept  constant  throughout  the  investigation,  and  only  the  projectile 
mass  was  varied.  Projectile  masses  of  293  grams  (Figure  8),  627  grams 
(Figure  9),  and  929  grams  (Figure  10)  were  used,  giving  charge  to  mass 
ratios  of  1.20,  0.56,  and  0.38  respectively.  The  igniter  used  in  these 
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tests  had  a  relatively  low  gas  generation  rate.  It  was  found  that  the 
peak  pressure  did  not  vary  significantly  with  C/M.  However,  the  overall 
shape  of  the  pressure- time  curves  did  change  with  the  change  in 
projectile  mass. 


IGNITER:  PISTON  RADIAL  WITH  M30  AND  EIMITE 

PROPELLANT:  NOS  365 

CHARGE:  354  g 

EXPANSION  RATIO:  18  5 

NUMBER  OF  FIRINGS:  4 


Pls  365MPa  (±  20MPa) 

JP2  *  410MPa  (+ 11 4,  “5  6  MPa) 
V2  *  1245ro/s  (+5,-15  m/s) 


/ 

if 


Figure  9 .  Comparison  Breech  Pressure  riots  for  a  Series  of 
Firings  with  a  Projectile  Mass  -  627e 
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PRESSURE  (MPo) 


It  can  be  shown  theoretically  that  increased  viscosity  and  surface 
tension  will  suppress  the  shorter  wavelength  Taylor  and  Helmhotz 
instabilities.  It  has  been  suggested70  that  by  increasing  the  propellant 
viscosity  and/or  surface  tension  in  order  to  suppress  wavelengths  below  a 
desired  minimum,  say  the  diameter  of  the  chamber  or  tube,  the  bulk* loaded 
process  can  be  initiated  in  a  more  controlled  fashion,  possibly  leading 
to  improved  repeatability.  Under  gun  conditions,  the  increases  in  these 
properties  must  be  very  large  (4-5  orders  of  magnitude)  in  order  to  have 
the  desired  effect;  however,  if  the  increase  is  too  large,  difficulty  may 
be  encountered  in  the  generation  of  sufficient  surface  area  to  burn  the 
charge . 


V.  SUMMARY  OF  BULK -LOADED  MONOPROPELLANT  TESTS 

A  summary  of  monopropellant  BLPG  investigations  over  the  past  30 
years  is  presented  in  Tables  1-3.  Table  1  addresses  investigations  made 
using  hydrazine -hydrazine  nitrate -water  monopropellants.  Table  2  deals 
with  investigations  in  which  organic  nitrate  monopropellants  were  used, 
and  Table  3  with  investigations  made  with  hydroxyl  ammonium  nitrate-based 
monopropellants.  All  gun  firings  were  made  at  ambient  temperature, 
except  six  tests  with  a  HAN-based  LP  (Table  3)  which  were  pa>*t  of  an 
investigation  of  the  effect  of  temperature  on  BLPG  ballistics.  Calibers 
range  from  6.2  mm  to  120  mm;  pyrotechnic,  spark,  and  compression  ignition 
systems  are  represented,  and  data  obtained  with  four  classes  of  monopro¬ 
pellants  are  included.  The  best  muzzle  velocity  repeatability  reported 
was  about  1/2%  -  2/3%  in  early  15. 2 -mm  tests.  Otherwise  the  variation  in 
muzzle  velocity  is  1%  or  greater. 

Figures  11  and  12,  from  Jones  et  al7*  illustrate  the  repeatability 
problem  encountered  with  BLPG  approach.  The  four  pressure -time  traces 
shown  in  Figure  11,  recorded  in  the  chamber  of  a  37 -mm  gun,  represent  the 
four  extreme  recordings  of  a  29  round  reproducibility  group.  A  hydrazine - 
based  LP  was  used  for  the  tests.  Figure  12  shows  four  additional 
pressure -time  traces  from  the  same  reproducibility  group  that  exhibit 
completely  different  characteristics.  The  poor  pressure- time  reproduc¬ 
ibility  was  attributed  (based  on  an  analysis  of  bore  surface  thermocouple 
data)  to  erratic  ignition  at  the  base  of  the  projectile  which  occurred 
for  some  of  the  tests  almost  immediately  after  projectile  start.  The 
cases  where  projectile  base  ignition  was  believed  to  have  occurred  are 
shown  in  Figure  12,  which  contrasts  with  the  significantly  different 
pressure -time  records  shown  in  Figure  11.  The  cases  in  which  ignition  at 
the  projectile  base  may  have  occurred  gave  reasonable  pressure -time 
reproducibility,  however  the  ballistic  performance  was  lower  than  the 
cases  represented  in  Figure  11.  When  no  base  ignition  occurred,  Jones  et 
al'1  speculated  (based  on  an  analysis  of  pressure  and  projectile 
acceleration  data)  that  a  portion  of  the  charge  was  accelerated  with  the 
projectile.  It  was  later  postulated  by  Knapton  and  Stobie7  that  the  poor 
reproducibility  evident  in  Figure  11  was  associated  with  poor  igniter 
reproducibility.  This  hypothesis,  however,  was  never  proven. 
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TABLE  1 


Summary  of  Some  of  the  Monopropellant  BLPG  Teats 
Using  a  Hydrazine-based  LP, 


Source 

Ref 

Year 

Gun 

Ign1 

Proj 

C/M*  Ho 

.of 

Pmax 

Muzzle 

Standard 

Cal 

Mass 

Tests 

Velocity 

Deviation 

(mm) 

(MPa) 

(m/s) 

(m/s) 

(%> 

Griffin 

(54) 

1952 

15.2 

P 

73.7 

0.54 

10 

359 

963 

8.8 

0.91 

Griffin 

(54) 

1952 

15.2 

P 

73.7 

0.54 

11 

352 

964 

6.4 

0.66 

Griffin 

(54) 

1952 

15.2 

P 

73.7 

0.54 

10 

324 

961 

6.1 

0.63 

Foster 

(72) 

1952 

15.2 

P 

12.4 

2.95 

9 

452 

2068 

61 

2.9 

Foster 

(72) 

1952 

15.2 

P 

12.4 

2.96 

11 

430 

2201 

42 

1.9 

Foster 

(72) 

1952 

15.2 

P 

8.2 

4.46 

5 

514 

2299 

103 

4.4 

Foster 

(72) 

1952 

15.2 

P 

5.4 

6.76 

5 

499 

2796 

122 

4.4 

Foster 

(72) 

1952 

15.2 

P 

4.4 

9.18 

5 

548 

3115 

130 

4.2 

Regan 

(53) 

1955 

15.2 

P 

75.0 

0.69 

19 

379 

1118 

5.8 

0.52 

Miksch 

(18) 

1956 

30 

P 

207 

0.31 

5 

269 

968 

9.1 

0.94 

Elmore 

(73) 

1956 

90 

s 

5570 

1.07 

17 

414 

1496 

30.0 

2.0 

Elmore 

(73) 

1956 

90 

8 

5670 

1.06 

6 

379 

1423 

12.2 

0.86 

Comer 

(27) 

1963 

37 

P 

2549 

0.065 

1 

421 

424 

— 

— 

Comer 

(27) 

1963 

37 

P 

708 

0.63 

1 

395 

1076 

— 

— 

Comer 

(27) 

1963 

37 

P 

219 

1.44 

1 

675 

1679 

— 

— 

Comer 

(27) 

1963 

37 

P 

132 

2.42 

1 

323 

1853 

— 

— 

Comer 

(27) 

1963 

37 

P 

70.8 

6.51 

1 

466 

2572 

— 

— 

Jones 

(71) 

1965 

37 

P 

250 

1.35 

19 

280 

1505 

55 

3.7 

McBratney(62) 

1967 

120 

P 

3580 

3.51 

8 

274 

1960 

130 

6.6 

McBratney(62) 

1968 

37 

s 

356 

0.928 

2 

285 

1448 

— 

McBratney(62) 

1968 

37 

s 

239 

1.37 

3 

300 

1748 

— 

— 

McBratney (62) 

1968 

37 

8 

147 

2.24 

7 

292 

2088 

44 

2.1 

Elmore 

(69) 

1977 

30 

S 

428 

0.63 

25 

322 

1075 

16 

1.5 

NOTES: 

1.  Igniters:  p  -  pyrotechnic 

s  -  electric  spark 

2.  Propellant  Formulations:  NsH<  N«HbN03  H2O 


References 

(73) 

60 

35 

5 

References 

(18,69,73) 

63 

32 

5 

References 

(27,62,71) 

65 

30 

5 

Reference 

(53) 

66.4 

22.7 

10.8 

References 

(54,72) 

76 

16 

8 
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Tibia  2.  SuMiry  a(  Soae  of  tht  IIPB  Tatti  Using  Otto* II  and 
HonopropalUnta  Containing  Ethyl  Mitrata. 


Source 

Rat 

Vaar 

Sun 

Taap  Propallant1 

Ign* 

Proj 

Charge1 

C/h 

No.o( 

Pmi 

Hunla 

Standard 

Cal 

Nath 

Teat* 

Velocity 

Devaltion 

(aa) 

(g) 

(HPal 

(a/t) 

(a/D 

(Z) 

Turner 

(74) 

1930 

7.6 

20  60/40  ap 

c 

6.3 

(O.Sal) 

3 

r,. 

443 

14 

3.1 

Turner 

(74) 

1938 

7.6 

-70  60/40  ap 

c 

6.3 

<0.3all 

3 

— 

394 

23 

6.3 

Turner 

(74) 

1930 

7.6 

aabiant  60/40  ap 

c 

6.3 

(t.Nrt) 

10 

93 

637 

10 

1,6 

Turner 

(74) 

1930 

7.6 

aabient  20/00  ap 

c 

6.3 

(1.0*1) 

10 

222 

322 

62 

11.9 

Turner 

(74) 

1938 

7.6 

aabiant  80/20  ab 

c 

6.3 

(1.0*1  > 

10 

164 

363 

164 

29.1 

Cooer 

(27) 

1963 

37 

aabiant  60/40  ap 

f 

871 

0.20 

1 

301 

730 

— 

Cooar 

(27) 

1963 

37 

aabiant  OTTO  II 

? 

102 

2.90 

1 

362 

1910 

— 

— 

Rc8ntney(42)  1973 

37 

aabiant  OTTO  II 

p 

333 

0.012  6 

443 

1341 

17.7 

1.3 

NOTES) 

1.  Propellant  Foroulationai  apt  ethylnitrata/n-propylnitrata 

abi  athylnitrate/butylnitrata 

2.  Ignitaru  p  -  pyrotechnic 

c  -  coaprenion 

3.  Only  propallant  voluaa  provided  in  Re/erence  74;  propellant 
denaitlty  not  available 


24 


Tablo  3.  Suooory  of  Son  of  tho  UN  Tosts  Using  HMhlutd  LP«. 


Sourco  Rtf 

Vsar 

Sun 

Tooporoturs 

lgn‘ 

Proj 

C/H*  No. of 

Pn*i 

Hutzlo 

Standard 

Lai 

(0 

lUss 

lasts 

Velocity 

Dsvaltlon 

(00) 

*' 

(g) 

(HP*) 

(o/s) 

(o/s) 

(X) 

Eloors (33,73) 

1872 

6.2 

•obiont 

P 

3.89 

1.31 

7 

408 

1104 

60 

3.4 

Elaoro(S3,73) 

1972 

6.2 

aabiont 

P 

3.89 

1.31 

3 

436 

1115 

33 

3.1 

Elaors(33,76) 

1972 

6.2 

•obiont 

P 

3.89 

1.31 

9 

396 

1030 

21 

2.0 

Elnors(33,76) 

1972 

6.2 

aabiont 

P 

3.89 

1.31 

3 

396 

1049 

18 

1.7 

Elaoro(S3,77) 

1972 

6.2 

•obiont 

P 

3.89 

1.31 

3 

366 

1071 

33 

3.1 

Eloore (53,77) 

1972 

6.2 

aabiont 

P 

3.89 

1.31 

11 

382 

1066 

11 

1.0 

Elooro  (78) 

1972 

6.2 

23 

P 

3.89 

1.29 

2 

431 

1172 

(♦14) 

(♦1.2) 

Elnoro  (78) 

1972 

6.2 

-20 

P 

3.89 

1.29 

2 

372 

1047 

(♦41) 

(♦3.9) 

Eloors  (78) 

1972 

6.2 

-30 

P 

3.89 

1.29 

2 

390 

966 

(♦27) 

(♦2.8) 

Elooro  (78) 

1972 

6.2 

-40 

P 

3.89 

1.29 

2 

297 

382 

(♦83)  (♦14.41 

Knapton  (62) 

1977 

38.8 

•obiont 

•V 

329 

1.10 

3 

324 

1369 

39 

2.3 

Knapton  (62) 

1977 

38.8 

ubiont 

ov 

329 

1.103 

3 

490 

1349 

19 

1.2 

Knapton  (62) 

1977 

38.8 

•obiont 

rv 

328 

1.10 

7 

491 

1333 

42 

2.7 

Knapton  (62) 

1977 

31.8 

•obiont 

rv 

323 

1.13 

13 

307 

1331 

32 

2.1 

Knapton  (62) 

1977 

38.8 

•obiont 

rv 

190 

1.82 

1 

666 

1881 

— 

Knapton  (62) 

1977 

38.8 

•obiont 

rv 

194 

2.06 

1 

398 

1910 

— 

•• 

Knapton  (62) 

1977 

38.8 

•obiont 

rv 

191 

2.26 

3 

333 

1791 

29.3 

1.6 

Knapton  (62) 

1977 

38.8 

•obiont 

rv 

191 

2.32 

3 

342 

1803 

22.6 

1.3 

NOTESi 


1.  Ignitorat  All  ignitors  pyrotechnic)  snd  vsnt  and  redial  vont  configurations  notod. 

p  -  pyrotochnic 
•v  -  ond  vont 
rv  -  radial  vont 

2.  Propollantsj 

Roftrsnen  (33,73,76,77)  108-263-6 

Roforoncos  (62,78)  N08-363 
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BREECH  PRESSURE  COMPARISON 
FOR  HIGHEST  AND  LOWEST  PEAKS 


DATE  1965 
GUN  37mm 

PROPELLANT:  HYDRAZINE  |63%).  HYORAZINE  NITRATE  (30%).  WATER  (5%) 

PRIMER  S  HOLE  RADIAL  VENT.  M3I12  IGNITER  ELEMENT  WITH  ROOSTER  CHARGE  IN 

RAVONET  TYPE  PRIMER. 

SAMPLE  SIZE  29 

RREECH  PRESSURE  SUMMARY: 

PIRST  PEAK  (P,)»247MP«.  *»76.4MPe  (31%) 

SECOND  PEAK  (P,|  «  2R0MP*.  e»24.5MPo  (R.7%)  20 JAN  7R 


Figure  ii .  arcash  JEamua  figmilian  Staging  Imisa! 

Sum  with  Tw?  gmaugfl  ggal a 


A  number  of  investigations  utilizing  HAN~based  LPs  have  focused  on 
the  development  of  an  ignition  system  that  was  both  reproducible  and 
controllable.  The  ability  to  control  the  early  rate  of  pressure  rJse  is 
important  in  reducing  problems  associated  with  waves  in  the  gas-liauid 
medium,  and  in  eliminating  ignition  due  to  adiabatic  compression.  8  In 
addition  to  the  electric  spark  ignition  studies  of  Elmore,  ®  and  the 
pyrotechnic  ignition  studies  of  Knapton  and  Stobie,  and  McBratney , 
Fisher  and  Sterbutzel,  4  and  Liedtke^  ”  have  investigated  electical 
ignition,  and  Irish46  has  studied  both  pyrotechnic  and  electric  ignition 
of  HAN-based  LPs. 
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BREECH  PRESSURES  FOR  CLASS  B  ROUNDS  OF  GROUP 


- RD.  No.  446 

- RD.  No.  431 

-  RD.No.436 

REFERCNCE  BRL  R  1288  (1965) 


Figure  12.  Bggflfli  fxgasurM.  fax.  Firings  vhen  the  IrfiBallanfcjaa 
Llkgly  IgnitflA  at  the  Bflgs.gfc  .ths.  Ergjgctil^. 


McBratney65  and  Knapton  and  Stobie®0  designed  various  pyrotechnic 
^niters  which  offered  some  improvements  in  reproducibility.  Perfor- 
'.ce  data  for  two  of  their  igniter  configurations,  an  axial  (or  end) 
nting  igniter  and  a  radial  venting  igniter,  are  presented  in  Table  3, 
and  in  Figures  7-10  and  13.  Figure  8  shows  five  breech  pressure  records 
and  illustrates  the  variability  associated  with  the  radial  type  of 
ign  ier.  For  the  end  vent  igniter  (Figure  13),  the  pressure-time  traces 
were  typically  either  relatively  flat,  or  the  first  peak  was  suppressed 
a  much  lower  than  the  second  peak.  The  sources  of  this  variation  are 
not  known;  however,  it  was  observed  in  a  separate  study  by  Hartman  et 
al8  that  the  flow  pattern  from  the  end  vent  type  of  igniter  was  not 
consistent  on  a  shot  to  shot  basis.  Also,  measurements  of  the  igniter 
pressure,  using  a  separate  closed  chamber  for  recording  the  pressure 
output  from  the  igniters,  indicated  poor  reproducibility  in  the 
functioning  of  the  igniter.80  An  additional  study  characterizing  the 
igniter  output  was  conducted  by  Klingenberg,  et  al. 1  In  this  study  the 
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(kpsi) 


PRESSURE  (MPa)  PRESSURE  (MPo| 


Igniter  pressure  ves  measured  and  an  attempt  was  made  to  meaaure  the 
igniter  flame  output.  This  study,  however,  did  not  lead  to  additional 
igniter  optimization. 


6UN:  31.1  mm 

IGNITER:  END  VENT  PRIMER  WITH  UNIQUE  ROHOER 
PROREURNT :  NOS  36$ 

CHARGE :  36 3 0 
PROJECTILE  MASS:  lllg 
EXPANSION  RATIO:  1I.S 
NUMBER  OF  FIRINGS :  6 


FT*  RIIMPo  («r*ll%) 
FI*  llOMRo  (a  •  10%) 
FT*  HGGmA  ( 9  *  1.5*1 


Figure  13 .  Variability  in  Pressure  vs  Time  for  the 

End  Vent  Type  of  Igniter 


28 


At  noted  earlier ,  the  reproducibility  in  the  pressure -tine  dets 
from  gun  tests  using  the  radial  vent  igniter  was  better  than  that  with 
the  end  vent  igniter.  9  An  exanple  of  five  breech  pressure- tine  records 
from  firings  with  a  radial  igniter  and  a  booster  charge  with  a  low  gas 
generation  rate  is  shown  in  Figure  8.  The  variation  in  the  the  first 
peak  pressure  was  8.5%  for  a  group  of  13  tests,  however  the  over-all 
shape  of  the  pressure -time  trace  was  generally  the  sane  with  the  first 
peak  pressure  less  than  the  second  peak  preasure.  In  53  tests  with  the 
radial  igniter  and  a  similar  booster  charge,  there  were  only  four  tests 
in  which  the  first  peak  pressure  was  either  equal  to  the  second  peak 
pressure  or  slightly  (-10%)  exceeded  it.  9  Changing  the  booster  charge 
from  a  slow  burning  charge,  which  generated  a  lower  first  peak  pressure, 
to  a  faster  burning  booster  charge  resulted  in  a  much  higher  first  peak 
pressure  as  shown  in  Figure  7.  The  faster  burning  booster  charge  also 
had  the  effect  of  eliminating  the  second  peak  pressure. 


In  order  to  achieve  greater  control  of  the  start-up  process,  a 
combined  solid  and  liquid  propellant  charge  was  also  tested  by  Knapton 
et  al.  The  solid  propellant  booster  charge  was  significantly 
increased  from  less  than  1%  of  the  total  charge,  which  was  used  with  the 
end  vent  and  radial  type  of  igniters,  to  8.5%  of  the  total  charge.  The 
increased  booster  charge  was  ignited  first  and,  based  on  the  few  tests 
that  were  performed,  there  seemed  to  be  some  improved  level  of  control 
in  the  generation  of  the  breech  pressure- time  records.  An  example  of 
the  breech  pressure- time  record  generated  by  the  combined  solid  and 
liquid  charge  is  shown  in  Figure  14. 


IGNITER:  805  mg  U 
14. 8  g  M8 


IGNITER:  330  mg  U 
24. 5  g  MS 


GUN :  38.8  mm 

IDENT  NO 

CHARGE 

EXPANSION 

VELOCITY 

PR0PUIANT:  NOS  365 

(8) 

RATIO 

(m/s) 

PROJECTILE:  318g 

216*67 

290 

15.4 

1514 

216-69 

272 

16.4 

1503 

232  -1 

268 

16.6 

14  53 

Figure  14 .  Examples  of  Breech  Pressure  Using  a  Combined 

Solid- Liquid  Propellant  Charge. 
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VI .  COMPARISON  OF  THE  PERFORMANCE  OF  MONOPROPELLANTS 
BLPCS  AND  CONVENTIONAL  SOLID  PROPELLANT  CUNS 


It  hae  often  been  suggested  that  tha  BLPG  offara  lap roved  parfor- 
aanca  in  co*q>arlaon  to  tha  conventional  aolid  propellant  gun.  This  was 
baaed  on  the  hypothesis  that  when  Ignited  at  the  broach,  the  bulk  of  the 
propellant  in  a  BLPG  travel*#  with  the  projectile  and  burned  aa  a 
claaaical  traveling  charge.  3 


Figure  IS  is  a  plot  of  aussle  velocity  va  charge  to  saga  ratio  for 
ropellant84  85  and  37-aa  and  90-an  BLPG27  62  83 


gun 


105 -aa  aolid  propellant 

firlnga.  The  BLPG  firing*  vere  conducted  with  a  hydras ine- baaed 
nonopropellant  lv.  37  aa27  and  90  an,83  and  a  HAN -baaed  aonoprope 
37  aa.  2  Tha  ex. sting  data  would  auggeat  that  aussle  velocity  is 
Independent  of  the  charge  coapoaltion  for  the  ays teas  considered. 
Indeed,  froa  a  theraodynaalc  standpoint,  the  BLPG  appears  to  be 
equivalent  to  the  conventional  solid  propellant  for  the  C/M  range 
considered  here.  Therefore,  the  data  would  indicate  that  enchanced 
perforaance,  l.e.  increased  ballistic  efficiency,  at  very  high  velocity 
cannot  be  anticipated. 


in 


Figure  15.  Muzzle  Velocity  vs  Charge  to  Mass  Ratio 
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VXX.  bi propellant  blpg  tests 


Early  BLPG  investigations^  wars  conducted  with  hypargolic 
bipropallanca.  In  ordar  to  initially  aaparata  tha  fual  and  oxidlsar, 
•ithar  ona  or  both  wara  ancapaulatad.  Ignition  vaa  achiavad  by  firing  a 
pyrotachnic  aquib,  which  rupturad  tha  capsule(s),  allowing  tha 
components  to  nix.  Thia  tachniqua  alininatad  aany  of  tha  advantagaa  of 
tha  LPG  concapt,  waa  difficult  to  implement,  and  praaantad  a  aafaty 
hazard  dua  to  tha  potential  for  laakaga.  It  waa  not  until  tha 
introduction  of  nonhypargollc  bipropallanta  in  tha  lata  I960' a  that 
significant  prograsa  waa  aada  in  bipropellant  BLPG  raaaarch. 

•\J  *  * 

Mallory  haa  described  work  at  tha  US  Naval  Vaapona  Canter  on  a 
25 -na  nonhypargollc  bipropellant  BLPG  in  tha  only  unclaaalfled  reports 
on  this  effort.  A  single  shot,  nodular  systan  designed  for  use  with 
various  injectors,  chanbers,  and  barrels  was  developed  to  pernit 
variation  of  propellant  fornulatlon,  injection  parameters,  and  expansion 
ratio.  A  25-ma  dynanically  loaded  BLPG,  designed  to  fire  at  rates  up  to 
350  rounds/nlnute ,  was  also  developed.  A  mixture  of  rad  fualng  nitric 
acid  and  a  hydrocarbon  fual  was  used  in  these  investigations.  Tests 
vara  performed  in  tha  single  shot  gun  under  a  variety  of  conditions.  It 
was  found  that,  by  controlling  tha  injection  parameters ,  LP  combustion 
could  be  varied  from  one  extreme  where  ignition  was  difficult,  to  the 
other  where  detonation  was  approached.  Tests  were  performed  under 
various  ullage  conditions,  and  it  waa  found  that  5%  initial  ullage 
provided  the  best  ballistics.  Too  much  ullage,  about  10%,  resulted  in 
erratic  ignition. 

Electric  spark  ignition  was  used  in  these  tests,  simplifying  the 
gun  mechanism.  Duration  of  the  discharge  could  be  varied  from  0.4  to 
1.0  millisecond.  Peak  currents  of  up  to  1400  amps  (a  50  microfarad 
capacitor  charged  to  2000  volts)  were  used.  Spark  energy  was  varied 
from  25  to  150  Joules;  25  Joules  was  not  reliable,  whereas  150  Joules 
was  excessive. 

Firing  tests  were  made  with  a  standard  25-mn  projectile  weighing 
194.4  g.  The  charge  to  mass  ratio  was  varied  from  0.48  to  2.85.  In  a 
total  of  106  separate  shots  over  a  temperature  range  from  +4  to  +43°  C, 
the  mean  muzzle  velocity  was  1186.9  m/s  with  a  standard  deviation  of 
25.9  m/s  (2.2%). 


(vi)If  chamber  pressures  are  considered,  however,  the  HAN-based 
monopropellants  typically  generated  higher  chamber  pressures  than  the 
hydrazine  based  monopropellants. 
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VIII.  REGENERATIVE  LIQUID  PROPELLANT  CUN 


1.  GENERAL 

While  the  bulk- loaded  interior  ballistic  process  is  bassd  on 
c tap lex,  coupled  hydrodynamic  end  cosbustion  (phys ico • chesical • 
hydrodynamic)  processes,  the  RLPG  achieves  perforaance  equivalent  to 
that  of  conventional  solid  propellant  systems  through  mechanical  control 
of  the  interior  ballistic  process.  The  introduction  of  the  regenerative 
piston  provides  control  necessary  to  generate  repeatable  ballistics, 
substituting  engineering  issues  for  the  hydrodynaaic  problems  of  the 
BLPG. 


This  review  concentrates  on  developmental  results  since  the  early 
1970s,  however,  results  of  early  RLPG  Investigations  are  also  discussed. 
Following  the  post  World  War  II  period,  no  RLPG  investigations  were 
conducted  until  the  early  1970a.  Since  1976  the  majority  of  LPG  effort 
in  the  USA  has  been  in  the  RLPG  area,  and  since  1980,  the  RLPG  has 
become  the  main  thrust  of  LPG  investigations  in  France,  Germany,  and  the 
United  Kingdom  as  well. 


IX.  INTERIOR  BALLISTICS  OF  THE  RLPG 

It  has  been  found  that  the  RLPG  interior  ballistic  process  is 
controlled  to  a  large  extent  by  the  injection  of  the  liquid  propellant, 
and  thus  the  motion  of  the  regenerative  piston.  34  86  Therefore,  a 
gross  simulation  of  the  RLPG  reduces  to  a  model  of  the  hydraulic 
response  of  the  regenerative  piston  and  the  liquid  propellant  reservoir. 
The  details  of  propellant  hydrodynamics  and  combustion  appear  to  be  of 
secondary,  though  certainly  not  negligible,  Importance. 

A  simple  regenerative  liquid  monopropellant  gun  is  depicted  in 
Figure  16.  It  consists  of  a  standard  gun  tube  attached  to  a  chamber 
which  contains  the  regenerative  piston.  The  head  of  the  regenerative 
piston  divides  the  chamber  into  two  sections,  a  combustion  chamber  and  a 
propellant  reservoir.  The  length  of  the  reservoir,  and  thus  the 
reservoir  volume  and  maximum  piston  travel,  are  defined  by  a  breech 
element  through  which  the  piston  shaft  extends.  Cylindrical  injector 
orifices  are  located  in  the  head  of  the  piston.  These  orifices  are 
initially  sealed  to  prevent  leakage  of  propellant  into  the  combustion 
chamber  prior  to  ignition.  An  ignition  train,  consisting  of  a  primer, 
an  ignition  charge,  and  in  some  cases  a  booster  charge  complete  the 
system. 
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Figure  16 .  Schematic  of  a  Simple  Inline  Regenerative  Teat  Fixture 


A  characteristic  regenerative  combustion  chamber  pressure  versus 
time  plot  shoving  the  five  main  phases  of  the  interior  ballistic  process 
is  presented  in  Figure  17.  The  process  is  initiated  by  the  ignition 
train,  which  pressurizes  the  combustion  chamber  and  forces  the  piston  to 
the  rear,  compressing  the  liquid  propellant  in  the  reservoir.  The  area 
of  the  chamber  face  of  the  piston  is  greater  than  that  of  the  reservoir 
face,  providing  the  differential  pressure  required  for  injection  of  the 
liquid  propellant. 

The  second  phase  is  an  ignition  delay.  During  this  period,  the 
piston  continues  to  move  to  the  rear,  injecting  liquid  propellant  which 
accumulates  in  the  combustion  chamber.  When  the  cool  liquid  dots 
ignite,  the  accumulated  propellant  bums  rapidly,  phase  three,  bringing 
the  chamber  to  operating  pressure  and  accelerating  the  regenerative 
piston  to  its  maximum  velocity.  Phase  four  is  usually  characterized  by  a 
pressure  plateau.  This  plateau  is  interpreted  as  a  quasi-stable 
equilibrium  in  which  the  increase  of  gas  in  the  chamber  (to  compensate 
for  piston  motion)  and  the  flow  of  gas  down  the  barrel  are  balanced  by 
the  combustion  of  freshly  injected  propellant.  Phase  four  ends  at  the 
completion  of  piston  travel  and  propellant  burning.  The  final  phase  is 
the  usual  expansion  of  the  combustion  gasses  after  all-burnt. 
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®  IGNITER  FUNCTION 
©  INJECTION  -  IF  ACCUMULATION 
©  COMBUSTION  OF  LP  ACCUMULATION 
©  QUASI-STABLE  EQUILIBRIUM 


Figure  17 .  A  Typical  Regenerative  Chamber  Pressure  vs -Time 
Curve  showing  The  Five  Phases  of  the  IB  Process, 


In  developing  an  interior  ballistics  model  for  the  RLPG,  one  must 
consider  the  following; 


(1)  Piston  Motion 

(2)  Propellant  Injection 

(3)  Propellant  Breakup  and  Droplet  Formation 

(4)  Propellant  Accumulation  in  the  Chamber 

(5)  Propellant  Ignition  and  Combustion 

(6)  Constituitive  Equation  for  the  LP  in  the  Reservoir 
(■)  Constituitive  Equation  for  the  Two  Phase  Mixture  of 

Propellant  and  Combustion  Gases  in  the  Chamber  and 
Barrel 

(8)  Entrance  Flow  into  the  Barrel 

(9)  Barrel  Flow  or  Pressure  Gradient  in  the  Barrel 

(10)  Projectile  Motion 


In  general,  the  formulation  of  an  interior  ballistics  model  for  the 
RLPG  is  straightforward.  A  set  of  equations  describing  these  processes 
is  presented  by  Morrisoi  ’.t  al.°b  Other  formulations  have  been 
developed  by  Gough,  '  Ci  :ee,  °  Cushman,  Bulman,  and  Pagen  et  al. 
However,  the  complexity  of  the  spray  combustion  process  in  the  RLPGy^ 
has  precluded  detailed  treatment  of  the  interior  ballistic  process. 
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1.  PISTON  MOTION 


In  developing  the  equations  of  motion  for  the  regenerative  piston, 
only  the  pressure  and  friction  forces  are  normally  considered.  However, 
it  can  be  shown  that  the  momentum  of  the  liquid  exiting  the  injection 
orifice,  and  the  inertia  of  the  liquid  in  the  reservoir  will  also 
influence  piston  acceleration,  and  thus  propellant  injection. 

2.  PROPELLANT  INJECTION 

Propellant  injection  is  usually  modeled  by  a  steady  state 
Bernoulli's  equation.  However,  Coffee’^"’^  and  Edelman9  have  reported 
calculated  discharge  coefficients  which  exhibit  an  unexplained 
variation,  over  a  wide  range  (0.2  <  Cq  <  1.0)  during  the  interior 
ballistic  cycle.  Edelraan  utilized  a  two-dimensional,  axisymmetric  model 
to  simulate  orifice  flow.  The  ratio  of  the  computed  mass  flow  rate 
through  the  orifice,  and  a  calculated  mass  flow  rate  based  on  the  square 
root  of  the  computed  pressure  difference  across  the  injector  (i.e.  a 
steady  state  Bernoulli  formulation)  provided  an  estimate  of  the 
discharge  coeficient  as  a  function  of  time.  This  estimated  discharge 
coefficient  was  found  to  be  a  monotonically  increasing  function  of  time. 
In  contrast,  Coffee  has  developed  an  inverse  simulation  of  the  RLPG 
interior  ballistic  process,  which  utilizes  experimental  gun  pressures, 
and  piston  and  projectile  displacements  as  input.  *  A  steady  state 
Bernoulli  equation  is  utilized  to  describe  propellant  injection.  The 
mass  flow  rate  into  the  combustion  chamber,  discharge  coefficient,  gas 
generation  rate  in  the  combustion  chamber,  liquid  accumulation  in  the 
combustion  chamber,  and  Sauter  mean  diameter  for  the  propellant  in  the 
combustion  chamber  are  then  computed.  The  calculated  discharge 
coefficient  rises  rapidly  to  near  the  theoretical  value,  drops  suddenly 
to  a  value  of  about  0.25,  and  then  rises  again  to  near  the  theoretical 
value.  The  sudden  drop  in  the  discharge  coefficient  coincides  with  a 
sharp  change  in  the  injection  area.  It  has  been  postulated  that  this 
apparent  variation  of  the  discharge  coefficient  is  due  to  the  inertia  of 
the  liquid  propellant  in  the  reservoir,  and  that  a  time  dependent 
formulation  of  the  injection  process  is  required  to  accurately  describe 
propellant  injection.  6 

3 .  PROPELLANT  COMBUSTION 

Breakup  of  the  propellant  jet  entering  the  combustion  chamber, 
accumulation,  ignition,  and  combustion  have  been  addressed  in  the 
majority  of  existing  interior  ballistic  models;  however,  little  is 
actually  known  about  these  processes  in  a  gun  environment.  The 
treatment  of  these  processes  usually  involves  an  assumption  of  a 
population  of  spherical  droplets  (defined  either  arbitrarily  or  through 
a  Weber  Number  criteria)  which  decompose  according  to  a  pressure 
dependent,  linear  burning  rate.  Ignition,  when  included,  is  treated  as 
a  time  delay.  None  of  these  assumptions  are  theoretically  supportable 
for  the  RLPG  process,  however,  accurate  "gross  simulations"  of  given 
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experimental  results  are  obtainable  using  these  assumptions  and 
appropriate  input  parameters . 

4 .  CONSTITUITIVE  EQUATIONS 

Constitutive  equations  for  the  liquid  propellant  in  the  reservoir, 
and  for  the  two -phase  liquid  and  combustion  products  mixture  in  the 
combustion  chamber  are  required  for  closure  of  the  governing  equations. 
For  the  HAN-based  liquid  monopropellants,  a  modified  Tait  equation  of 
state,  i.e.  pressure  is  a  power  function  of  density,  provides  an 
excellent  fit  to  experimental  pressure  versus  density  measurements.  8‘ 

A  Nobel-Abel  equation  of  state  is  normally  used  for  the  combustion 
products,  as  in  standard  solid  propellant  interior  ballistic  models. 

5.  ENTRANCE  AND  BARREL  FLOW 

The  entrance  flow  to  the  barrel  is  treated  in  a  variety  of  ways. 
Morrison  et  al°°  have  suggested  a  Bernoulli's  equation,  with  entrance 
loss  and  the  assumption  of  isentropic  flow  from  the  chamber  to  the 
barrel.  Gough87  and  Coffee88  have  implemented  this  model  and 
demonstrated  that  it  provides  excellent  agreement  with  the  pressure 
drop,  from  the  chamber  to  the  barrel,  observed  in  experimental  data. 

Similarly,  a  variety  of  barrel  flow  models,  ranging  from  a  simple 
Lagrange  approximation  to  a  one -dimensional,  two-phase  flow  formulation, 
have  been  developed.  In  the  case  of  the  Lagrange  approximation,  it  has 
been  suggested  by  Morrison  et  al8b  that  the  non- zero  gas  velocity  at  the 
barrel  entrance  must  be  accounted  for  in  the  RLPG  simulation.  This 
results  in  a  modified  Lagrange  approximation  of  the  form, 


P(y)  -  PB  +  (m g/ZM)  (PB  -  Pf)  [1-  (y/x)  ] 


+  (m  /2k)  (v.  +  <v.  [(V  -  v  )/x]  )  [1  -  (y/x)]  (4) 

g  b  b  b 


where  the  subscripts  B  and  b  refer  to  the  projectile  base  and  the  barrel 
entrance  respectively.  Coffee8'  has  implemented  a  form  of  this  equation 
in  his  RLPG  interior  ballistic  model,  and  has  shown  that  it  provides 
excellent  agreement  with  both  one -dimensional  barrel  flow  simulations, 
and  experimental  data. 

The  assumption  that  all  the  liquid  propellant  bums  in  the  breech, 
and  the  barrel  contains  only  combustion  products,  leads  to  an  inter¬ 
esting  result  at  burnout.  Using  the  one -dimensional  model  of  Gough,8' 
Morrison  et  al4  have  shown  that  at  burnout  a  rarefaction  wave  moves  from 
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the  breech,  along  the  barrel  to  the  projectile.  In  the  case  considered 
by  Morrison  et  al,  the  projectile  exited  the  tube  before  being 
overtaken  by  the  rarefaction  wave.  This  result  would  indicate  ♦  ■  at  there 
exists  a  maximum  effective  charge  for  the  RLPG,  and  that  propellant 
charge  in  excess  of  this  maximum  has  no  effect  on  the  ballistic 
performance  of  the  system. 

6.  SUMMARY 

In  summary,  a  variety  of  RLPG  interior  ballistic  models  exist.  In 
general,  the  formulation  of  these  models  is  straightforward,  but  the 
unique  characteristics  of  the  RLPG  system  must  be  accounted  for  in  order 
to  accurately  simulate  the  interior  ballistic  process  if  lumped 
parameter  models  are  used.  The  pressure  drop  from  the  chamber  to  the 
barrel,  the  non-zero  gas  velocity  at  the  barrel  entrance  and  the  inertia 
of  the  liquid  in  the  propellant  reservoir  are  among  the  unique 
characteristics  of  the  RLPG  which  must  be  considered. 

The  status  of  liquid  propellant  spray  ignition  and  combustion 
models  for  the  RLPG  is  quite  poor.  Little  is  known  about  these 
processes  in  the  gun  environment.  While  this  has  not  proven  a 
limitation  in  the  simulation  of  the  gross  features  of  RLPG  interior 
ballistics,  detailed  simulations  are  beyond  the  capability  of  existing 
models.  The  gross  agreement  with  experimental  data  is  apparently  a 
result  of  the  rapid  ignition  and  combustion  of  the  injected  liquid 
propellant  at  gun  operating  pressures  (>10  MPa).  However,  an  accurate 
description  of  propellant  ignition  and  combustion  is  important  during 
the  ignition  phase,  which  can  be  accumulation  driven,  and  may  also  prove 
important  in  the  simulation  of  high  frequency  pressure  oscillations 
observed  in  some  RLPG  firings. 


X.  PHENOMENOLOGICAL  STUDIES 
1.  REGENERATIVE  PISTON  CONFIGURATIONS 

Unlike  the  BLPG,  in  which  the  geometric  configurations  are  limited, 
the  RLPG  offers  a  wide  variety  of  design  variations.  00  The  so-called 
simple  in-line  piston,  Figure  16,  provides  one  of  the  simpler 
implementations  of  the  RLPG  concept.  3^*  ^®2  Other  piston 

configurations  which  have  been  implemented  and  tested  in  gun  fixtures 
include;  the  in-line  hollow  piston2  23-26  (p£gure  18),  the  annular 
injection  piston22  (Figure  19),  the  in-line  annular  piston*  35  103 
(Figures  20  and  21),  and  the  reverse  annular  piston.  These  piston 
configurations  have  been  utilized  in  a  variety  of  experimental  gun 
systems . 
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Both  Experiment  Inc.2^*2®  and  General  Electric2  have  inveatigated 
the  incline  hollow  piston.  Experiment  Inc.  developed  and  tested 
40-™!*“’  and  127-mm2**'26  hypergollc  bipropellant  systems  using  opposing, 
simple  In-line  pistons  (alternating  oxidizer  and  fuel)  at  90°  Intervals 
around  the  periphery  of  the  chamber,  '26  (Figure  22).  In  the  127-mm 
fixture,  up  to  3  "blocks*  of  pistons,  i.e.  a  maximum  of  12  pistons,  were 
tested.  Thi  complexity  of  these  multiple  piston  systems,  as  well  as  the 
difficulties  Involved  In  handling  hypergollc  bipropellants,  hampered 
development  and  testing  in  this  program.  Little  data  is  available  from 
the  Experiment  Inc.  effort,  but  General  Electric  found  this  design  to  be 
mechanically  complex  and  subject  to  pressure  oscillations,  and 
ultimately  abandoned  it. 


CREECH  ASSEMBLY  CONNECTING  TUBE  INJECTOR  BANK 


Figure  22.  Opposing. In- Ltiw  ELatana  Vsed  In  a 

Bloropellant  RLPC 


The  annular  injection  piston  was  investigated  by  Experiment  Inc.  in 
a  40-mm  fixture  using  a  hydrazine  monopropellant.  Again,  the 
available  firing  data  is  limited,  but  Experiment  Inc.  concluded  that 
this  particular  RLPG  configuration  was  very  promising. 

The  in-line  annular  piston  was  also  suggested  by  Experiment 
Inc.,  *  but  there  is  no  record  of  it  ever  having  been  tested  in  gun 
hardware.  General  Electric,  however,  has  tested  four  variations  of  this 
concept  in  25-mm,  30-mm.  and  105-mm  RLPG  fixtures  using  a  HAN-based 
liquid  propellant.  ”  The  variants  of  this  particular  concept 

appear  particularly  suited  for  practicle  mechanization  (i.e.  weapon - 
ization) ,  and  for  controlled  variation  of  the  interior  ballistic 
process.  General  Electric  is  currently  under  contract  to  the  US  Army  to 
develop  a  153 -mm  RLPG,  utilizing  a  variation  of  the  in-line  annular 
piston. 
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General  Electric  has  also  'nves tigs ted  the  reverse  annular  piston^ 
for  high  rate  of  fire  applications.  A  30- bib  regenerative  fixture, 
capable  of  firing  a  5  round  burst  at  a  rate  of  500  rounds  per  minute, 
has  been  developed  and  tested. 

Despite  the  vide  variety  of  R1.PG  designs  Which  have  been  tested, 
the  aajority  of  phenomenological  investigations  have  been  conducted  with 
a  simple  in-line  piston  configuration.  Therefore,  ve  will  concentrate 
on  this  configuration  in  the  remainder  of  this  section.  The  data  is 
primarily  the  result  of  General  Electric  independent  research,  using 
25-mm  hardware  and  a  nitrate  ester  liquid  monopropellant,  OTTO  Fuel  II. 

2.  INJECTION  AREA 

The  effect  of  total  injection  area  is  shown  in  Figure  23.^  ■*"  As 
the  total  injection  area  is  increased  from  2.03  cm2  to  3.17  cm2  (56%), 
the  maximum  chamber  pressure  increases  from  186.0  MPa  to  338.0  MPa 
(32.5%)  and  the  muzzle  velocity  increases  from  1043  m/s  to  1139  m/s 
(9.2%).  In  similar  tests  at  a  higher  charge  to  mass  ratio,  muzzle 
velocities  of  1258  m/s,  1346  m/s,  1417  m/s,  and  1468  m/a  were  obtained 
for  total  injection  areas  of  2.84  cm2,  3.85  cm2,  4.40  cm2,  and  5.14  cm2. 
The  pressure  curves  obtained  in  these  tests  are  similar  to  those  shown 
in  Figure  23.  Therefore,  the  maximum  chamber  pressure  is  directly 
related  to  the  total  injection  area,  which  is  thus  a  basic  design 
parameter.  In  other  tests,  it  was  found  that  with  a  given  total 
injection  area,  smaller  diameter  injectors  result  in  less  initial 
propellant  accumulation  and  less  over- shoot  in  chamber  pressure.  The 
length  of  the  injection  orifice  was  also  found  to  affect  the  ballistic 
process.  Doubling  the  length  of  the  injector  was  found  to  reduce  the 
maximum  chamber  pressure,  and  thus  reduce  the  muzzle  velocity. 
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3.  PISTON  TRAVEL 


The  effect  of  maximum  piston  trsvsl,  and  thus  ths  total  chargs  is 
shown  in  Figura  24.  In  ths  thrss  tssts,  only  ths  piston  travel  was 

varlsd.  Ths  maximum  prsssurs  is  approximately  ths  sans  for  sach  tsst, 
hovsvsr,  ths  length  of  ths  platsau  rsgion  increases  with  increasing 
reservoir  length.  Therefore,  the  quasi-stable  combustion  process,  once 
established,  Is  maintained  for  the  duration  of  piston  travel. 


PISTON 


Figure  24.  Effect  of  Chares  to  Mess  Ratio  on  Chamber  Pressure 


4.  CHARGE  TO  HASS  RATIO 

The  results  of  tests  investigating  the  influence  of  C/M  and .maximum 
chamber  pressure  on  muzzle  velocity  are  summarized  in  Figure  25. 

The  curves  of  velocity  versus  C/M  for  the  three  chamber  pressures  are 
similar  in  character  to  those  for  conventional  guns.  Figure  25  also 
serves  to  summarize  the  effects  of  total  injection  area  and  piston 
travel  (C/M).  For  any  given  C/M,  both  pressure  and  velocity  increase 
with  increasing  injection  area,  while  for  any  given  injection  area 
(maximum  pressure),  velocity  increases  with  increasing  piston  travel. 
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c/m 


Figure  25.  Summary  of  C/M  Parametric  Testa 


5.  PRESSURE  PLATEAU 

The  plateau  pressure  phenomena  was  Initially  attributed  to  choking 
of  the  flow  at  the  entrance  to  the  barrel.  However,  in  computer 
simulations  of  test  firings,  it  was  necessary  to  apply  a  20-30% 
correction  (reduction)  to  the  barrel  flow  area  in  ordei  to  match  the  net 
gas  accumulation  in  the  chamber  and  the  chamber  pressure  when  using  the 
sonic  barrel  flow  assumption.  This  reduction  in  effective  flow  area 
could  be  accounted  for  by  a  vena  contracta  near  the  entrance  to  the 
bore,  which  would  be  favored  by  the  sharp  corner  at  the  barrel  entrance. 
However,  many  of  the  data  obtained  in  the  parametric  test  firings  cannot 
be  reconciled  with  a  theoretical  picture  which  incorporates  the 
hypotheses  of  a  stagnation  condition  in  the  uh amber  and  sonic  flow  in 
the  barrel  entrance. 

The  barrel  pressure  gage  nearest  the  chamber  was  mounted  0.7  cm 
from  the  bore  entrance.  The  pressure  measured  at  this  location  in  Shot 
143,  along  with  the  corresponding  pressures  in  the  combustion  chamber 
and  at  other  barrel  locations  are  presented  in  Figure  26.  If  the  flow 
entering  the  bore  were  choked,  the  ratio  of  throat  pressure  to  chamber 


43 


Figure  26.  Pressure  v  Tine  for  Shot  143. 

pressure  would  be  about  O.SS.  The  plateau  in  the  chamber  pressure  occurs 
at  359  kp*,  while  the  maximum  pressure  measured  by  the  barrel  gage  is 
324  MPa.  Therefore,  the  ratio  of  barrel  pressure  to  chamber  pressure  at 
the  begining  of  the  plateau  is  0.9,  This  pressure  ratio  corresponds  to 
a  Mach  Number  of  0,4  at  the  barrel  gage  location,  well  below  the  choked 
condition.  It  is  noted  that  the  pressure  measured  at  th»%  barrel  wall  is 
not  necessarily  that  in  the  core  flow,  and,  more  importantly,  the 
pressure  gage  would  probably  not  be  located  at  the  minimum  area  of  the 
vena  contracta  if  one  were  formed.  However,  the  barrel  pressure 
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decreases  steadily  after  the  maximum,  Indicating  an  increasing  Mach 
Number.  This  would  imply  that  the  flow  is  not  choked  at  the  beginning 
of  the  plateau.  The  Mach  Number  at  the  barrel  gage  location  at  the  end 
of  the  plateau  is  0.6,  still  well  below  the  choked  condition. 

If  choked  flow  at  the  barrel  entrance  were  responsible  for  the 
plateau,  choking  must  be  established  by  the  beginning  of  the  flat  top. 
Once  choking  occurs,  the  chamber  is  decoupled  from  the  barrel  since 
information  from  the  bore  cannot  be  propagated  upstream  through  the 
sonic  region.  Therefore,  the  hypothesis  of  choked  flow  at  the  entrance 
to  the  bore  would  require  that  the  chamber  pressure  be  independent  of 
the  projectile  mass. 

As  part  of  the  parametric  test  series,  projectile  mass  was  varied 
to  determine  its  effect  on  the  regenerative  process.  Two  projectile 
masses  were  used,  194.4  gm  and  97.7  gm.  Firings  were  made  with  the 
original  chamber,  diameter  4.445  cm,  and  a  larger  chamber  with  a 
diameter  of  5.715  cm.  Finally,  two  firings  were  made  at  each  condition 
for  a  total  of  6  tests  in  this  portion  of  the  study.  In  these  tests, 
the  chamber  pressure  was  found  to  be  a  function  of  the  projectile  mass. 
With  the  lighter  projectile  and  the  original  chamber  diameter,  the 
average  chamber  pressure  dropped  24%.  In  tests  with  the  larger  chamber, 
the  average  chamber  pressure  dropped  23%  when  the  lighter  projectile  was 
substituted.  In  both  chambers,  the  muzzle  velocity  increased  by  about 
11%  when  the  lighter  projectile  was  used. 

Figure  27  shows  the  ratio  of  the  pressure  at  the  first  barrel  gage 
location  to  the  chamber  pressure,  along  with  the  corresponding  Mach 
Number,  as  a  function  of  time  for  Shot  42  (194.4  gm)  and  Shot  66 
(97.7  gm).  The  time  scale  is  relative  to  shot  start,  and  the  plateau 
region  is  indicated  by  a  dashed  line. 

The  Insert  shows  the  pressure  curves  for  these  firings.  As  in  Shot 
143,  Figure  26,  the  Mach  Number  at  the  barrel  gage  location  increases 
steadily  after  the  plateau  is  reached.  Note,  however,  that  the  Mach 
Number  is  significantly  higher  in  the  case  of  the  light  projectile.  In 
both  cases  the  Mach  Number  approaches  unity  by  the  end  of  the  plateau, 
indicating  a  tendency  toward  choking  near  the  end  of  the  plateau  region. 
This  tendency  could  be  increased  in  high  velocity  firings  with  large 
charges  and  light  projectiles.  However,  choking  of  the  entrance  flow  to 
the  barrel  would  not  appear  to  influence  the  establishment  of  the 
pressure  plateau. 

Examination  of  the  barrel  entrance  Mach  Number  and  the  effects  of 
projectile  mass  would  appear  to  eliminate  choked  flow  as  the  cause  of 
the  pressure  plateau  in  regenerative  gun  firings.  In  order  to  explain 
the  plateau,  we  consider  the  relative  mass  flow  rate  of  an  ideal  gas 
through  a  constriction  as  a  function  of  Mach  Number.  At  a  Mach  Number 
of  0.5  the  relative  mass  flow  rate  is  0.75,  and  at  a  Mach  Number  of  0.7 
the  relative  mass  flow  rate  is  about  0.91.  The  mass  flow  rate  is  a  weak 


function  of  Mach  Number,  and,  thus,  tha  pras aura  ratio,  for  Mach  Numbers 
above  0.5.  While  the  weak  dependence  of  mass  flow  rate  on  Mach  Number, 
and  thus  pressure  ratio,  would  indicate  a  tendency  toward  a  pressure 
plateau,  it  cannot  explain  the  extreme  flatness  of  the  regenerative 
pressure  curves. 
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Figure  27.  Rttlo  of  Pro  a  a  mo  .it  tho  First  Barrel  fiiga  lasatian 
to  Chamber  Pressure,  and  Corresponding  Mach  Number 

va  lira  fgi  Qgnoral  Eltmig-Shoia.41  andJtiu 


6.  REGENERATIVE  PRESSURE  CURVE  SHAPES 

During  the  parametric  test  flings,  it  was  found  that  regenerative 
pressure  curves  are  not  always  flat  topped.  Figure  28  shows  four  types 
of  regenerative  pressure  curves  obtained  in  the  parametric  series.  The 
first  type,  labeled  "Natural",  occurred  most  often.  In  this  case,  the 
pressure  peaks  early  and  then  declines  slowly  up  to  the  point  of  all 
burnt.  The  second  type,  labeled  "Classic",  is  initially  similar  to  the 
"Natural" ,  however  no  decline  in  pressure  occurs  after  the  maximum 
pressure  is  reached,  up  to  all  burnt.  The  "Classic"  curve  occurred 
almost  as  often  as  the  "Natural".  The  third  type,  labeled  "Flat  Top", 
was  observed  on  several  occasions.  It  differs  from  the  previous  two 
types  in  the  sharpness  of  the  rise  to  maximum  pressure,  and  a  noticeable 
break  at  the  plateau.  The  final  type,  labeled  "Ramp"  occurred  least 
often.  It  is  similar  to  the  "Flat  Top"  type  up  to  the  break  at  the 
beginning  of  the  plateau,  but  the  pressure  continues  to  increase  after 
the  break  in  slope. 


46 


Figure  28.  Regenerative  Chamber  Pressure  Curve  Types 


The  four  types  of  regenerative  pressure  curves  can  be  explained  in 
terms  of  propellant  accumulation  and  combustion  in  the  chamber.  It  has 
been  observed  that  at  low  pressure  during  the  incubation  phase,  propel¬ 
lant  is  injected  faster  than  it  burns,  leading  to  the  accumulation  of 
unbumed  propellant  in  the  chamber.  (The  amount  of  propellant  injected 
up  to  shot  start  is  determined  by  the  piston  travel  measurement,  and  the 
amount  burned  is  calculated  from  the  chamber  volume  and  pressure.)  As 
the  pressure  rises  rapidly  to  a  plateau  value,  the  process  accelerates, 
and  the  propellant  mass  consumption  rate  exceeds  the  injection  rate. 

The  plateau  pressure  is  defined  by  the  rates  of  propellant  injection, 
propellant  combustion  and  gas  flow  into  the  barrel,  which  depend  on 
injection  area,  reservoir  area,  chamber  area,  piston  mass,  propellant 
characteristics,  etc.  It  is  noted  that  other  processes  are  almost 
certainly  involved  in  determining  the  shape  of  the  regenerative  pressure 
curve.  However,  based  on  the  existing  25-mm  data,  accumulation  appears 
to  be  a  very  important  factor. 

Other  pressure  curve  shapes  have  been  obtained  in  regenerative  gun 
firings.  These  non-flat-top  curves  are  attributable  to  the  design 
parameters  of  the  specific  regenerative  fixture  in  question,  and  are 
usually  related  to  the  maximum  injection  area  or  completion  of  piston 
stroke  befcre  a  quasi-steady  equilibrium  is  achieved. 

7 .  IGNITION  CRITERIA 

The  ignition  function  in  hypergolic  bipropellant,  and  monopro¬ 
pellant  or  nonhypergolic  bipropellant  RLPGs  (we  are  aware  of  no  examples 
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of  the  latter)  are  significantly  different.  In  the  hypergolic 
bipropellant  case,  the  process  is  initiated  by  injecting  some  portion  of 
the  oxidizer  and  fuel  into  the  chamber,  where  they  react,  providing  the 
energy  required  to  sustain  the  regenerative  process.  The  mechanism  for 
initiation  of  propellant  injection  can  be  quite  simple  in  this  case, 
often  involving  only  pressurized  air  or  nitrogen  to  initially  displace 
the  piston. 

In  the  monopropellant  RLPG,  the  igniter  must  perform  two  functions: 
(1)  displacement  of  the  regenerative  piston  to  initiate  propellant 
injection,  and  (2)  generation  of  hot,  high  pressure  gas  to  ignite  the 
cold  liquid  propellant  as  it  enters  the  combustion  chamber.  The 
parameters  of  interest  are  the  rate  of  pressure  rise  (i.e.  mass  ar.d 
en«  >y  fluxes),  the  maximum  pressure,  and  the  duration  of  the  igniter. 
The~e  parameters  must  be  tailored  to  the  hydraulic  characteristics  of 
the  injection  piston  and  the  liquid  propellant  reservoir  to  insure  that 
the  reservoir  pressure  is  greater  than  the  chamber  pressure  when  the 
injector  opens.  Since  the  propellant  reservoir  is  normally 
prepressurized  to  reduce  the  chances  of  compression  ignition  of  the 
propellant  in  the  reservoir,57'59  the  initial  pressure  level  in  the 
reservoir  must  be  considered  in  tailoring  the  igniter. 

It  is  also  necessary  to  tailor  the  injection  area  profile,  to 
provide  sufficient  initial  propellant  injection  to  sustain  the 
regenerative  process,  but  also  to  avoid  excess  propellant  injection 
which  might  result  in  long  ignition  delays  or  quenching  of  the 
regenerative  process.  In  practice,  it  has  been  found  that  the 
development  of  igniters  to  meet  these  criteria  is  not  difficult. 

8.  IGNITER  DESIGN 

Igniter  designs  for  monopropellant  RLPGs  have  historically  been 
quite  simple  and  robust  Experiment  Inc.  has  tested  an  electrical  spark 
ignition  system  in  a  bulk  charge  initially  filling  the  combustion 
chamber  between  the  regenerative  piston  and  the  projectile  base.  More 
recently,  Investigators  have  utilized  a  solid  propellant  charge  burning 
at  high  pressure  in  a  chamber  mounted  external  to  the  RLPG  to  vent  hot 
gases  into  the  combustion  chamber.  ^  ^  Secondary  booster  charges, 
solid  or  liquid,  have  been  used  in  seme  cases  to  augment  the  igniter. 
However,  such  systems  would  not  be  practical  in  a  fully  developed 
(weaponized)  system.  DeSpirito  et  al106  have  reported  investigations  of 
ignition  systems  utilizing  electrically  initiated  liquid  instead  of 
solid  propellant  ignition  charge.  Such  a  system  could  be  automated  and 
made  practical,  thus  simplifying  igniter  design  and  eliminating  the  need 
for  separate  igniters  in  the  logistic  system. 

9.  TEMPERATURE  VARIATIONS 

As  a  part  of  the  effort  to  develop  and  demonstrate  a  brassboard 
155 -mm  RLPG,  General  Electric  has  conducted  test  firings  from  -55°  C  to 
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+65°  C,  in  a  30 -mm, VIA  fixture,  using  a  HAN -based  liquid 
monopropellant.  03  10 '  108  These  tests  were  conducted  by  cooling  or 
heating  the  entire  regenerative  fixture  to  the  desired  temperature 
before  firing.  No  mechanical  changes  were  made  in  the  hardware  during 
the  cold  low  and  high  temperature  test  series  to  compensate  for 
temperature  variation.  However,  the  maximum  injection  area  was  reduced 
by  about  15%  for  the  high  temperature  test  series. 

In  yg^ries  of  17  tests ,  a  total  of  12  firings  were  conducted 
between  Jf&jf^iand  0°  C.  The  data  from  this  test  series  is  presented 
in  Tabled?  jKe$e  data  show  only  minor  velocity  variation  from  ambient 
to  -47°  C.  this  temperature,  the  muzzle  velocity  drops  rapidly 

with  decreasin^tjimperature ,  but  even  at  -55°  C,  there  was  no  indication 
of  any  safety  J&fAh: -in  the  test  results. 

% 

TABLE  4./<;Low  Temperature  Regenerative  Gun  Firings 


Test 

Muzzle 

Number 

T 

Velocity 

<°C) 

(m/s) 

1 

16 

968.6 

2 

16 

966.8 

V  3 

16 

950.1 

4 

16 

975.1 

5 

0 

944.9 

6 

-20 

969.9 

7 

-37 

960.1 

8 

-46 

944.9 

9 

-50 

879.9 

10 

-49 

850.1 

11 

-47 

947.3 

12 

-26 

967.7 

13 

-10 

961.6 

14 

-11 

949.4 

15 

-50 

904.9 

16 

-55 

644.6 

17 

16 

969.9 

Subsequently,  a  series  of  13  test  firings  were  conducted  at 
temperatures  up  to  +65°  C.  08  The  data  from  this  series  of  tests  are 
presented  in  Table  5.  The  muzzle  velocity  was  reasonably  uniform  over 
the  temperature  range,  and  again  there  were  no  indications  of  safety 
issues  in  the  test  data. 


TABLE  5.  High  Temperature  Regenerative  Gun  Firings 


Test 

Muzzle 

Number 

T 

Velocity 

<°C) 

(m/s) 

1 

15 

965.0 

2 

32 

975.1 

3 

35 

969.9 

4 

42 

979.9 

5 

20 

959.8 

6 

45 

949.8 

7 

50 

940.0 

8 

55 

1000.0 

9 

60 

960.1 

10 

64 

960. 1 

11 

65 

985.1 

12 

65 

975.1 

13 

65 

965.0 

In  Table  6,  a  summary  of  average  velocities  and  standard  deviations 
for  the  cold  and  hot  series  are  presented.  Although  the  statistics  are 
limited,  tentative  conclusions  can  be  drawn  from  analysis  of  this  data. 
The  decrease  in  injection  area  in  the  hot  aeries  would  be  expected  to 
produce  a  drop  in  muzzle  velocity.  Indeed,  this  appears  to  be  the  case; 
however ,  the 


TABLE  6.  Summary  of  Data  from  Low  and  High 
Temperature  Test  Firings. 


Temperature 

Number 

Average 

Star 

■lard 

Range 

of  Tests 

Velocity 

(m/s) 

Deviation 
(m/s)  (  *  ) 

Cvlfl  Series; 

16°  c 

5 

966.1 

8.46 

0.88 

-47°  C  to  0°  C 

8 

955.7 

9.64 

1.01 

-47°  C  to  16°  C 

13 

959.7 

10.50 

1.09 

Has.  S&risa; 

15°  C  to  20°  c 

2 

962.4 

2.60 

0.27 

32°  C  to  65°  0 

11 

969.1 

15.95 

1.65 

15°  C  to  65°  C 

13 

968. . 

14.90 

1.54 
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number  of  teats  at  ambient  temperature  in  the  hot  series  is  too  limited 
to  support  such  a  conclusion.  As  one  might  expect,  the  average  muzzle 
velocity  in  these  tests  does  show  a  definite  increase  with  increasing 
temperature.  The  increase  in  muzzle  energy  from  -47°  C  to  +65°  C  is 
about  6.2%,  while  the  increase  expected  from  the  temperature  change 
alone  is  about  4.2%.  The  difference  would  be  attributable  to  variations 
in  the  mechanical  systems  and/or  propellant  ignition  and  combustion  with 
temperature.  However,  the  change  in  muzzle  velocity  from  -47°  C  to 
+65°  C  is  suprisingly  small.  Finally,  the  variation  in  muzzle  velocity 
over  the  temperature  range  is  reasonable .  At  ambient  temperature ,  the 
standard  deviation  in  the  cold  series  was  about  0.9%,  comparable  to 
previous  values  obtained  in  similar  Concept  VIA  hardware.  The  standard 
deviation  for  the  tests  from  -47°  C  to  0°  C  is  not  substantially 
different  from  that  for  the  ambient  tests,  despite  the  wide  temperature 
range.  The  hot  tests  do  show  an  increased  standard  deviation,  but 
again,  the  variation  in  muzzle  velocity  is  not  unreasonable  given  the 
variation  in  temperature. 

10.  PRESSURE  OSCILLATIONS 

Some  early  RLPG  test  data  show  indications  of  pressure  oscillations 
above  the  noise  level  in  the  pressure- time  records.  6  More  recently, 
Hasenbein10ii  loy  has  reported  the  investigation  of  high  amplitude,  high 
frequency  pressure  oscillations  in  a  40-mm  simple  in-line  RLPG  using 
OTTO  Fuel  II  monopropellant.  The  oscillations  were  regular,  with  a 
frequency  of  about  10-12  kHz  over  the  interior  ballistic  cycle. 
Hasenbein,  therefore,  concluded  that  the  oscillation  could  not  be  a 
longitudinal  mode.  The  observed  frequency  correlates  well  with  the  1st 
tangential  mode  for  the  combustion  chamber;  therefore,  it  was  identified 
as  a  combustion  instability,  analogous  to  that  observed  in  liquid 
propellant  rocket  engines.  The  oscillation  began  when  the  piston  had 
displaced  to  a  point  where  the  length  of  the  combustion  chamber  was 
approximately  equal  to  the  chamber  diameter.  Baffles  were  introduced 
into  the  piston  face,  and  the  injectors  were  modified,  similar  to 
techniques  developed  to  control  combustion  instabilities  in  rocket 
engines .  The  modifications  significantly  reduced  the  oscillations  in 
this  fixture,  as  can  be  seen  in  the  before  and  after  pressure-time 
curves  in  Figure  29 . 

General  Electric,  in  testing  of  a  105-mm  RLPG  using  Concept  VI 
hardware  (see  Figure  20) ,  has  also  encountered  high  amplitude,  high 
frequency  oscillations.  35  105  110  Typical  pressure  vs  time  data  from 
these  tests  are  presented  in  Figure  30,  in  which  the  pressure 
oscillations  as  measured  in  the  combustion  chamber  at  gages  GO  and  K0, 
in  the  liquid  propellant  reservoir,  gage  LP350,  and  in  the  grease  column 
between  the  piston  and  the  chamber  wall,  gage  M60,  which  is  separate 
from  both  the  combustion  chamber  and  the  LP  reservoir,  can  be  seen. 
Fourier  analyses  to  determine  the  frequency  content  of  these  data  were 
conducted.  °  103  At  gage  K0,  the  primary  frequencies  are  in  the  17-20 
kHz  range,  with  secondary  peaks  at  10,  14,  26,  34-36,  and  50  kHz,  with 
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numerous  minor  peaks  over  this  range.  Above  50  kHz,  the  relative 
amplitude  falls  off  rapidly.  At  gage  LP350,  the  power  spectral  density 
shows  a  broad,  complex,  almost  continuous  structure  out  to  about  60  kHz, 
tapering  off  in  intensity  by  75  kHz.  Similar  oscillations  have  been 
reported  by  Watson  et  al  111  in  a  30-mm,  Concept  VI  RLPG  fixture. 


CHAMBER  PRESSURE  * 


a 


40  r- 
20 


CHAMBER  PRESSURE 

MODIFIED  INJECTION  PLUS  BAFFLING 


1  TEST  No.  52  /“Hlk 


3  6 

TIME  (ms) 


9 


10 


Figure  29 


CarcbvsUQ.il  Chamber.  Emaas  ys  Time  for  .a -40: 
ReggircraUve  Liaald  Eoaailmt  Cun. 


These  data  do  not  exhibit  the  characteristics  of  a  classical 
combustion  instability,  although  it  does  appear  that  some  acoustical 
modes  in  the  chamber  are  being  excited.111  In  addition,  Watson  et  al111 
have  found,  in  his  30-mm  investigations,  that  the  high  frequency 
oscillations  are  transmitted  through  the  chamber  walls  and  the  tube,  and 
that  the  resulting  stress  waves  In  the  steel  are  detected  by  the 
piezoelectric  pressure  gage.  Figure  31,  located  at  the  muzzle.  A 
similar  observation  had  been  made  in  the  105 -mm  investigations  at 
General  Electric. 

More  detailed  study  of  the  Concept  VI  design  *.nd  the  test  set  up 
yields  other  potential  sources  for  the  observed  pressure  oscil¬ 
lations.109  These  include; 

1.  Flow  separation  and  reattachment  in  the  injector 

2.  Mechanical  oscillation  of  the  regenerative  piston 
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3.  Coupling  between  1  and  2 

4.  Acoustic  oscillations  in  the  chanber  and  reservoir 

5.  Excitation  of  stress  waves  in  the  chanber  walls  by 
interaction  with  the  moving  piston 

6.  Electronic  noise 
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The  first  three  potential  sources  of  the  pressure  oscillations  are 
depicted  in  Figure  32.  If  either  of  the  first  two  oscillations  occur, 
the  coupled  mode  could  be  excited.  For  example,  as  the  pressure 
increases  in  the  propellant  reservoir  the  regenerative  piston  is  forced 
outward  toward  the  chamber  wall.  This  would  increase  the  pressure  in 
the  grease  dike,  and  also  reduce  the  area  for  flow  of  grease  into  the 
chamber.  This  increase  in  pressure  in  the  grease  column  would  then 
force  the  piston  wall  inward,  increasing  the  flow  area  of  the  grease. 
Such  a  mechanical  vibration  is  applied  directly  to  the  injector,  i.e. 
the  vibration  of  the  piston  would  result  in  a  time  dependent  radial 
boundary  condition  on  the  flow  in  the  orifice,  potentially  generating 
separation  if  the  flow  cannot  follow  the  motion  of  the  boundary. 
Similarly,  it  can  be  argued  that  a  hydraulic  instability  in  the 
injection  orifice  would  excite  the  vibrational  modes  of  the  regenerative 
piston. 


Recent  ballistic  investigations  by  General  Electric  have  focused 
attention  on  the  design  of  the  injection  orifice  and  the  chatter  wall 
boundary  condition  on  the  piston.  It  has  been  found  that  elimination  of 
the  grease  dike,  reduction  of  the  radial  clearance  between  the  piston 
and  the  chamber  wall,  and  redesign  of  the  Injector  to  suppress  flow 
separation  result  in  a  significant  reduction  in  pressure  oscillations. 
The  combination  of  these  factors  has  been  utilized  to  eliminate  pressure 
oscillations  in  three  30-mm  Concept  VI  variants,  and  to  significantly 
reduce  oscillations  in  a  105 -mm  Concept  VIA  test  fixture. 

An  adequate  understanding  of  these  pressure  oscillations  has  not 
been  developed,  and  the  oscillations  have  not  been  eliminated  in  the 
105 -mm  RLPG.  Although  the  oscillations  have  not  been  linked  to  any 
structural  or  ballistic  problems  in  the  RLPG,  the  severity  of  the 
oscillations  does  increase  in  settling  from  30  on  to  105  not.  It  would 
seem  reasonable  to  expect  a  similar  effect  in  scaling  to  155  xa. 

However,  current  experimental  evidence  suggests  that  the  pressure 
oscillations  are  not  completely  a  classical  combustion  instability,  and 
that  RLPG  hardware  designs  can  be  modified  to  control  or  eliminate  the 
oscillations. 

11.  HIGH  VELOCITY  RLPG  FIRINGS 

A  limited  series  of  high  velocity  RLPG  firings  have  been  conducted 
by  Bulman  using  a  25-mm  simple  in-line  fixture  and  OTTO  Fuel  II. 
Approximately  11  tests  were  conducted  in  this  series ,  3  tests  yielding 
velocities  in  excess  of  1500  m/s.  The  maximum  velocity  for  this  series 
was  about  1700  m/s  at  a  charge  to  mass  ratio  of  2.2.  A  25 -on  fixture 
similar  to  that  used  in  other  ballistic  investigations  was  modified  to 
provide  increased  propellant  injection  area,  i . e .  increased  chamber 
pressure,  and  a  lighter  projectile  was  used  to  Increase  the  charge  to 
mass  ratio.  Based  on  the  RLPG  ballistic  parameters,  the  calculated 
muzzle  velocity  for  a  comparable  solid  propellant  gun,  using  a  Mayer - 
Hart  simulation,  is  1735  m/s.  The  excellent  agreement  between  the 
experimental  and  Mayer  Hart  velocities  would  tend  to  indicate  that  the 
efficiency  of  the  regenerative  process  at  high  velocities,  at  least  up 
to  1700  m/s,  is  comparable  to  that  of  conventional  solid  propellant 
guns. 


XI .  SUMMARY  OF  REGENERATIVE  MONOPROPELLANT  TESTS 


25-MM  TEST  RESULTS 


Initial  testing  of  Concept  VI  was  conducted  in  a  25-mm 
fixture.  ^  105  Chamber  pressure  and  velocity,  for  an  eight  round 
reproducibility  series,  are  summarized  in  Table  7.  The  rear  and  forward 
chamber  pressure  gages  are  located,  respectively,  3.72  cm  to  the  rear 
and  1.33  cm  forward  of  the  Initial  position  of  the  piston  face,  or  5.05 
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cm  apart.  The  propallant  uaad  for  tha  tost*  was  Otto- II. 


TABLE  7.  Summary  of  Raproducibillty  Tasts 
for  25-sm,  Concapt  VI. 


Tost  No.  Chaaber  Prassura  Velocity 


Rear 

Forward 

(MPa) 

(MPa) 

(a/s) 

202093912 

190 

157 

950.3 

202132204 

188 

166 

963.7 

202162833 

177 

161 

935.4 

203091315 

185 

159 

948.2 

203120125 

176 

161 

940.6 

203155953 

177 

154 

945.4 

204085344 

190 

162 

941.8 

204132842 

- 

- 

941.8 

Moan 

183 

160 

945.9 

Std  Deviation 

(3.5%) 

(2.4%) 

(0.91%) 

The  mean  charge  weight  was  115.7  g  with  a  standard  deviation  of 
0.29  g  (0.25%),  and  the  charge  to  mass  ratio  was  0.634.  The  velocity 
was  obtained  using  a  15  GHz  radar,  and  the  accuracy  of  the  data 
reduction  technique  is  estimated  to  be  no  better  than  0.5  1.0%. 

In  the  25 -mm  firings,  there  vas  no  avidance  of  oscillations  below  a 
pressure  of  130-140  MPa.  The  maximum  amplitude  of  the  oscillations  in 
the  forward  section  of  tha  chamber  is  about  6-12%  of  the  maximum 
pressure,  while  the  maximum  amplitude  of  the  oscillations  in  the  rear  of 
the  chamber  is  about  twice  as  large.  The  dominant  frequency  of  the 
pressure  oscillations  in  the  chamber  is  in  the  50  to  60  kHz  range. 

Additional  25 -mm  tests  were  performed  to  investigate  the  effect  of 
increasing  sheet  thickness.  05  For  these  tasts  tha  total  injection  area 
was  the  same  as  that  for  the  preceding  reproducibility  test  series, 
however,  the  sheet  thickness  was  no  longer  uniform.  The  non-uniform 
sheet  thickness  was  achieved  by  scalloping  the  center  bolt.  The 
amplitude  of  the  pressure  oscillations  in  these  tests  is  larger  than 
observed  in  the  reproducibility  group.  One  test  group  was  particularly 
interesting,  and  involved  the  firing  of  a  projectile  with  twice  the 
nominal  projectile  mass.  During  the  decay  of  the  pressure  after 
completion  of  piston  motion,  there  is  an  apparent  excitation  of  the 
acoustical  modes  in  the  chamber,  as  suggested  by  the  occurrence  of  the 
higher  order  harmonics.  The  first  peak  in  the  frequency  spectrum  occurs 
at  23.5  kHz  and  the  approximate  interval  between  the  peaks  is  also  about 
23  kHz.  The  first  radial  mode  in  the  chamber,  assuming  a  uniform  center 
bolt  and  a  sound  speed  of  701  m/s,  would  be  23.9  kHz.  The  second  radial 


57 


mode  would  occur  at  44.7  kHz ,  compared  with  an  obsarvad  doublet  at 
41*44  kHz.  Assuming  a  somewhat  lowar  aound  speed,  of  course ,  would 
improve  tha  agreement.  The  obsarvad  fraquanciaa  occur lng  during  tha 
prasaura  dacay  suggests  that  some  energy  la  released  In  tha  system 
beyond  completion  of  tha  piston  motion,  or  that  tha  damping  mechanisms 
In  tha  chamber  are  negligible. 

2.  30 -MM  TEST  RESULTS 

Test  firings  ware  conducted  in  a  30-mm  Concept  VI  fixture  with  Otto 
II,  LGP  184S,  and  LGP  1846.  111  Tha  results  of  these  tests  are 

summarized  in  Tables  8a,  8b,  and  8c.  The  projectile  mass  was  nominally 
287  g  for  these  tests,  all  of  which  were  fired  at  2/3  the  maximum 
propellant  charge  or  160  cc.  The  initial  free  volume  in  the  combustion 
chamber  was  approximately  95  cc.  The  maximum  pressure  at  three  chamber 
locations  and  in  the  liquid  reservoir  is  presented.  The  rear  most 
gages,  A90  and  C30,  are  located  3.6  cm  and  2.1  cm  to  the  rear  of  the 
initial  position  of  the  piston  face,  while  gage  J120  is  located  1.2  cm 
forward  of  the  piston  face.  As  in  the  25 -mm  firings,  the  data  would 
indicate  a  pressure  gradient  between  the  face  of  the  piston  and  the 
forward  end  of  the  chamber. 


TABLE  8a.  Summary  of  Reproducibility  Tests  for 
30-mm,  Concept  VI  with  Otto  II. 


Test 

LP 

Pressure 

Velocity 

No. 

A90 

C30 

J120 

LP 

(MPa) 

(MPa) 

(MPa) 

(MPa) 

(■/■) 

335:14 

Otto -II 

174 

192 

164 

939 

336:15 

Otto -II 

- 

- 

- 

- 

950 

342:13 

Otto- II 

179 

180 

144 

930 

343:12 

Otto -II 

168 

197 

179 

965 

Mean 

174 

190 

162 

946 

Standard 

Deviation 

(2.6%) 

(3.8%) 

(8.8%) 

(1.6%) 

In  the  test  firings  with  Otto  II,  Table  8a,  the  technique  for 
seating  the  projectile  and  the  initial  projectile  position  at  the  origin 
of  rifling  was  varied.  This  variation  might  contribute  to  the  poor 
repeatability  in  this  test  series.  However,  the  reproducibility 
obtained  in  the  LGP  1845  series,  Table  8b,  was  about  the  same.  In  this 
series,  the  projectile  was  seated  in  nominally  the  same  position  in  each 
firing.  If  the  apparent  outlier  (Test  No.  364-046)  is  omitted,  the 
standard  deviation  in  muzzle  velocity  becomes  0.80%.  Furthermore, 
inspection  of  the  data  suggests  that  it  may  be  divided  Into  two  distinct 
groups  with  mean  velocities  of  1005  m/s  and  1019  m/s,  for  which  the 
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standard  da via t ions  ara  0.05%  and  0.24%  raapaetivaly.  Currantly,  thara 
is  no  satisfactory  axplanatlon  for  this  apparant  grouping  of  data. 

LGP  1846  tasting  Is  atill  undarvay,  and  tha  number  of  firings  is 
limitad  as  indicatad  in  Table  8c.  Although  tha  statistics  ara  not 
significant,  thara  would  appear  to  be  an  Improvement  in  reproducibility. 


TABLE  8b. 

Summary  of  Reproducibility  Tests 

for 

30 -mm,  Concept  VI  with  LGP  1845. 

Test 

LP 

Pressure 

Velocity 

No. 

A90 

C30 

J120 

LP 

(MPa) 

(MPa) 

(HPa) 

(MPa) 

(■/»> 

364*032 

1845 

197 

190 

177 

. 

1020 

364*033 

1845 

181 

181 

167 

- 

1005 

364*034 

1845 

191 

190 

177 

- 

1005 

364-035 

1845 

194 

186 

182 

- 

1020 

364*041 

1845 

192 

189 

171 

227 

1018 

364*042 

1845 

195 

181 

182 

202 

1021 

364-043 

1845 

184 

177 

166 

• 

1005 

364  044 

1845 

• 

- 

. 

• 

1004 

364-046 

1845 

186 

178 

169 

- 

973.5 

Moan 

190 

184 

174 

215 

1008 

Standard  Deviation  (3.0%) 

(2.9%) 

(3.7,) 

- 

(1.5%) 

TABLE  8c. 

Summary  of  Reproducibility  Tests 

for 

30-mm, 

Concept  VI  with  LGP 

1846. 

Test 

LP 

Pressure 

Velocity 

No. 

A90 

C30 

J120 

LP 

(MPa) 

(MPa) 

(MPa) 

(MPa) 

(m/s) 

364*16 

1846 

205 

195 

190 

• 

1023 

364-17 

1846 

190 

184 

184 

285 

1009 

364-31 

1846 

231 

205 

213 

- 

1011 

Mean 

209 

195 

196 

• 

1014 

Standard  Deviation  (8.1%) 

(4.4%) 

(6.4%) 

(0.6%) 

The  mean  velocity  for  the  eight  tests  with  LGP  1845  (omitting  the 
apparent  outlier)  and  the  three  tests  with  LGP  1846  are,  respectively, 
1012  m/s  and  1014  m/s.  This  close  agreement  is  initially  surprising  in 
view  of  the  differences  in  impetus  of  the  two  propellants.  The 
impetuses  for  LGP  1845  and  LGP  1846  are,  respectively,  934  and  898  J/g. 
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Despite  ch«  4%  difference  in  impetus ,  the  cast  firings  yisld  approx¬ 
imately  tha  same  performance.  It  is  significant,  however,  that  the 
maximum  chamber  pressures  for  the  LGP  1846  series  are  uniformly  higher 
than  those  for  the  LGP  1845  series.  LCP  1846  contains  approximately  3% 
more  water  than  LGP  1845,  and  closed  bomb  tests  have  shown  that  the 
decomposition  rate  of  LGP  1846  is  somewhat  slower  than  that  of  LGP  1845, 
particularly  at  low  pressure.  Thus  it  may  be  hypothesised  that  during 
the  Ignition  portion  of  the  ballistic  cycle,  more  propellant  accumulates 
in  the  combustion  chamber  In  the  case  of  LGP  1846  (due  to  its  lower 
decomposition  rate),  leading  to  a  higher  maximum  pressure  and,  there¬ 
fore,  a  slightly  higher  muzzle  velocity  despite  its  lower  energy 
content . 

The  pressure  data  contains  high  frequency  oscillations  for  all 
three  propellants.  The  amplitude  of  the  oscillations  is  larger  than  in 
the  case  of  the  25 -nua  reproducibility  aeries.  The  dominant  frequencies 
occur  around  34-35  kHz;  however,  spectral  analysis  of  this  data  shows  a 
broad  band  of  frequencies  between  32  and  42  kHz.  In  general,  there  are 
no  significant  differences  in  these  frequencies  for  Otto- II,  LGP  1845, 
or  LGP  1846.  The  frequency  components  in  the  34-35  kHz  range  suggest 
the  excitation  of  the  second  radial  mode  in  the  combustion  chamber.  The 
calculated  frequency  for  the  second  radial  mode  is  between  32.2  kHz  and 
42.1  kHz  for  sound  speeds  between  701  m/s  and  914  m/s.  However,  the 
data  does  not  contain  frequancy  components  corresponding  to  the  first 
radial  mode  of  the  chamber.  The  amplitude  of  the  oscillations  was  about 
12%  of  the  maximum  chamber  pressure  in  the  forward  section  of  the 
chamber  and  about  20%  towards  the  rear  of  the  chamber.  The  oscillations 
began  when  the  chamber  pressure  reached  approximately  90  MPa. 

3.  105 -MM  TEST  RESULTS 

Test  results  for  the  105-mm  Concept  VI  firings  have  been  previously 
reported.  35  105  A  summary  of  these  results  is  presented  in  Table 

9.  Tests  were  Initially  conducted  at  1/3  charge,  about  900  cc  of 
propellant,  using  a  thinner  than  normal  annular  liquid  sheet,  i.e.  a 
thinner  injection  gap.  The  reduced  injection  area  was  used  to  test  the 
combustion  efficiency  of  the  annular  liquid  sheet.  The  results  were 
satisfactory,  and  the  injection  area  was  increased  for  subsequent  tests. 
A  similar  procedure  was  utilized  in  5/8  charge  and  full  charge  firings. 
As  indicated  in  Table  9,  the  projectile  mass  varied  slightly  during  the 
test  series.  The  last  8  full  charge  firings  were  conducted  under 
nominally  the  same  conditions.  These  tests  resulted  in  a  mean  velocity 
of  810.5  m/s  with  a  standard  deviation  of  0.33%,  which  is  comparable  to 
the  muzzle  velocity  repeatability  obtained  in  the  105-mm  howitzer. 
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TABLE  9. 


Sumaary  of  TatC  Firings  105  >1111, 
Concapt  VI  with  Otto  II. 


Projectile 

Chamber 

Muxsla 

Test  Ho. 

Charge 

Mass 

C/M 

Pressure 

Velocity 

(kg) 

(MPa) 

(«/•) 

1* 

1/3 

11.2 

0.092 

117 

502.9 

2* 

1/3 

11.2 

0.092 

103 

499.0 

3* 

1/3 

11.2 

0.092 

110 

- 

4 

1/3 

11.2 

0.096 

103 

504.7 

5. 

1/3 

11.2 

0.096 

124 

517.2 

6* 

5/8 

12.5 

0.157 

193 

665.1 

7* 

5/8 

12.5 

0.157 

200 

659.9 

8 

5/8 

12.5 

0.161 

262 

662.6 

9 

5/8 

12.5 

0.161 

269 

658.4 

10* 

Full 

12.5 

0.250 

221 

762.6 

11* 

Full 

12.5 

0.250 

172 

747.7 

12** 

Full 

11.2 

0.292 

124 

660.0 

13 

Full 

11.6 

0.278 

234 

808.9 

14 

Full 

11.6 

0.278 

221 

805.0 

15 

Full 

11.6 

0.278 

255 

807.7 

16 

Full 

11.6 

0.278 

248 

810.1 

17 

Full 

11.6 

0.278 

255 

814.1 

18 

Full 

11.6 

0.278 

255 

811.4 

19 

Full 

11.6 

0.278 

248 

811.0 

20 

Full 

11.6 

0.278 

241 

810.0 

Thin  Sheet  Injection 
Projectile  Failed  Ihbore 


XII.  RLPG  BALLISTIC  PERFORMANCE 


The  Concept  VI  test  firing  results  are  summarized  in  Table  10, 
along  with  the  ballistic  efficiencies  for  the  various  test  series.  The 
energy  of  the  igniter  has  been  included  in  the  calculation  of  the 
efficiencies,  but  represents  only  a  small  correction  to  the  ballistic 
efficiencies,  1-3%  for  the  105  mm  and  less  than  1%  for  the  25  mm  and  30 
mm. 
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TABLE  10.  Summary  of  Test  Results  25-mm, 
30 -mm  and  105-mm,  Concept  VI. 


Fixture  LP 

Ho.  of 

Charge 

Proj 

Expansion 

Ballistic  Efficiency 

Toati 

Mata 

C/M 

Traval 

Ratio 

Valocity  Pressura 

Experiment  Calculated 

(kg) 

(m) 

(m/a) 

(MPa) 

(X) 

(X) 

2 Son  Otto  II 

8 

0.116 

0.634 

2.13 

7.65 

946 

183 

21.1 

24.0 

30am  Otto  II 

4 

0.197 

0.683 

2.44 

8.50 

946 

119 

19.6 

23.9 

LGP  1843 

4 

0.234 

0.812 

2.44 

8.50 

1019 

195 

13.9 

17.5 

LGP  1846 

3 

0.227 

0.787 

2.44 

8.50 

1014 

196 

15.0 

18.0 

103am  Otto  II 

3 

1.03 

0.092 

5.18 

15.90 

501 

110 

36.2 

39.8 

Otto  II 

_ 

1.08 

0.096 

5.16 

15.90 

511 

114 

37.7 

41.5 

Otto  II 

2 

1.96 

0.157 

5.18 

12.80 

662 

196 

40.4 

41.9 

Otto  IT 

2 

2.01 

0.161 

5.18 

12.80 

661 

266 

39.5 

45.1 

Otto  II 

2 

3.13 

0.250 

5.18 

10.40 

755 

196 

33.9 

38.3 

Otto  II 

8 

3.22 

0.278 

5.18 

10.40 

810 

245 

35.0 

37.7 

The  low  ballistic  efficiencies  for  the  25-mm  and  30-mm  test  series 
are  due  primarily  to  the  small  injection  gap  used  with  the  annular 
piston.  The  small  injection  gap  corresponds  to  a  large  web  for  a  solid 
propellant,  i.e.  the  larger  the  web,  the  smaller  the  solid  propellant 
burning  surface  area.  Thus,  even  for  a  relatively  high  charge  mass 
ratios,  0.63-0.81,  the  propellant  injection  area  remains  relatively 
small,  and  the  rate  of  pressure  rise  and  the  maximum  pressure  in  the 
chamber  are  correspondingly  low.  In  the  case  of  the  105  mm,  however,  the 
expansion  ratios  are  greater  than  for  the  smaller  calibers.  The  greater 
expansion  ratio  results  in  increased  ballistic  efficiencies,  despite  the 
low  maximum  chamber  pressures. 

These  data  also  illustrate  one  of  the  ballistic  characteristics  cf 
the  regenerative  gun,  variable  chamber  volume.  In  a  conventional  solid 
propellant  gun,  the  chamber  volume,  and  thus  the  expansion  ratio,  is 
fixed.  This  can  lead  to  difficulties  when  designing  artillery  charges 
for  shorter  ranges,  particularly  for  long  range  cannons  with  large 
chambers.  In  the  105-mm  RLPG,  the  initial  free  volume  in  the  combustion 
chamber  was  fixed,  and  only  the  volume  of  the  pi  ellant  reservoir 
changed  with  the  charge.  The  ignition  characteristics  of  the  system 
were,  therefore,  independent  of  th  charge.  Also,  as  the  charge 
decreased,  the  expansion  ratio  of  the  system  increased,  maintaining  the 
ballistic  efficiency  of  the  system. 

Finally,  the  calculated  ballistic  efficiencies  for  analogous  solid 
propellant  systems  are  provided  in  Table  10  for  comparison.  A  simple 
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Mayer  Hart  simulation  was  used,  with  the  assumption  of  optimum  initial 
free  volume  in  the  combustion  chamber.  Since  no  attempt  was  made  to 
optimize  the  various  RLFGs,  it  is  not  suprising  that  the  experimental 
ballistic  efficiency  always  falls  below  the  calculated  value.  However, 
the  differences  in  the  ballistic  efficiencies  is  for  the  most  part  small, 
1.5%  to  5.6%. 


XIII.  SUMMARY 

Since  1946,  various  liquid  propellant  gun  systems  involving  both 
bulk-loaded  and  regenerative  hardware,  using  both  monopropellants  and 
bipropellants,  have  been  investigated.  However,  over  the  past  15  years, 
the  primary  focus  of  research  efforts  has  been  the  regenerative  gun 
concept  utilizing  a  hydroxl  ammonium  nitrate  based  liquid  monopropellant. 

It  has  been  demonstrated  repeatedly  that  the  RLPG  provides  the 
ballistic  control  necessary  for  a  practical  weapon  system,  and  that 
hydraulic  and  combustion  issues  which  arise  in  testing  are  readily 
amenable  to  correction  through  mechanical  design  changes  to  the 
regenerative  hardware.  The  key  technical  issue  associated  with  the  RLPG 
is  not  ballistic  in  nature,  but  involves  the  reliability  and  durability 
of  the  regenerative  system  in  the  field  environment.  This  issue  is 
related  to  the  reliability  of  the  high  pressure  seals  inherent  in  the 
regenerative  concept,  and  to  the  lifetime  of  the  regenerative  piston, 
seals,  and  other  internal  components  which  are  exposed  to  the 
regenerative  gun  environment. 

In  contrast,  the  bulk- loaded  LPG  is  mechanically  simple,  but  lacks 
the  ballistic  control  necessary  for  practical  implementation.  Under 
controlled  laboratory  conditions,  the  best  repeatability  in  muzzle 
velocity  which  has  been  reported  is  about  a  1%  standard  deviation.  This 
performance  would  be  acceptable  in  direct  fire  applications,  however,  the 
repeated  occurrence  of  very  high  pressure  and  catastrophic  gun  failures 
has  severely  limited  the  investigation  of  the  BLPG.  The  concern  over  the 
catastrophic  failures  in  the  BLPG  is  not  simply  that  they  have  occurred; 
catastrophic  failures  occur  regularly  in  solid  propellant  development 
programs  and  even  occur  on  occasion  in  fielded  systems.  The  primary 
concern  is  the  inability  of  existing  theories  to  adequately  explain  the 
cause  such  that  corrective  actions  can  be  taken  to  prevent  future 
failures. 

With  the  rapid  development  of  regenerative  gun  technology  over  the 
past  several  years,  general  interest  in  liquid  propellant  gun  technology 
has  increased  significantly. 

In  addition  to  the  investigation  of  new  regenerative  gun  designs,  a 
variety  of  related  efforts  have  been  initiated.  These  include  renewed 
investigations  of  the  bulk- loaded  concept  and  a  liquid  propellant 
traveling  charge,  as  well  as  alternate  propellant  formulations.  These 
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efforts  represent  only  the  Initial  wave  of  innovative  research  projects 
which  will  continue  to  emerge,  if  liquid  propellant  guns  indeed  prove 
practical  for  military  application. 
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Cross-sectional  area  of  tuba 
Acceleration 

Mass  of  propelling  charge 
Taylor  cavity  constant 
Kelvin-He Imho Its  constant 
Mass  of  projective 
Mass  of  gas  in  the  barrel 
Pressure 

Space  mean  pressure 
Breech  pressure 
Bore  resistance  pressure 
Radius  of  Taylor  cavity 
Initial  chamber  volume 
Projectile  velocity 
Gas  velocity  at  barrel  entrance 
Taylor  cavity  tip  velocity 

Gas  velocity  parallel  to  gas  -  liquid  interface 

Liquid  velocity  parallel  to  gas  -  liquid  interface 

Projectile  travel 

Ratio  of  specific  heats 

Propellant  force  constant 

Propellant  co- volume 

Fraction  of  charge  burnt 

Gas  density 

Liquid  density 
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